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The word Vidya, taken from the Vedanta bhilosophy of 1he Hindus,
means knowledge. The symbol used 1o denote the Vidya OTganization
is the letter V' from Sanskril, the ancient langnage of India.
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Analyses have been made of certain environmental influences known to
affect the quality of aerial photography at supersonic and hypersonic
speeds. This Phase II investigation extends the Phase I study (Vidya
Report 17) to Mach numbers of about 35 and to satellite altitudes. The
present study is divided into nine parts as listed below:

part I.- Summary report; Part II.- Selection of Hypersonic Conflg-
uration part III.- Aerodynamic Flow Field Outside the Boundary Layer:
Part IV.- Determination of Boundary-Layer Characteristics; Part V.-
Thermal Characteristics of the Camera Window; Part VI.- Luminosity and
Contrast; Part VII.- Optical Resolution; Part VIII.- Refraction and Metric
pistortion; Part IX.- Mapping and Reconnaissance from Hypersonic Vehicles.

This report, the Final Technical Report under Phase II, contains all
of the information presented in vidya Reports Nos. 24 and 28, the two
interim reports of this phase, and the additiomal work required to com-
plete the study.
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PREFACE
The present report is the final technical report of Phase
IT of an investigation carried out for the U. S. Army Geodesy,
Intelligence and Mapping Research and Development Agency,
Ft. Belvoir, Virginia, under Contract No. DA-44-009 ENG-3990,
Project No. 8-35-12-420. A final technical report for Phase I
was issued as VIDYA Report No. 17, covering the period of
May 26, 1959 to April 28, 1960.
Phase II of the present investigation represents an
extension of the studies made in Phase I to higher speeds
and altitudes and investigates, further, certain problem areas
which were found to be significant in Phase I. The same
general format is retained in this report as in previous
reports.
The following authors of the present report are also
the principal investigators:
Jack A. Burnell
Frederick K. Goodwin
Jack N. Nielsen
Morris W. Rubesin
Alvin H. Sacks
The technical advice of Mr. Thomas Leighton of Information
Technology Laboratories, Palo Alto Division, on optical ques-

tions is gratefully acknowledged.
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SUMMARY

This is the final technical report, Phase II, of a study
of the effects of the environment on aerial photography taken
at supersonic and hypersonic speeds. In particular, this
phase of the study considers aerial mapping and reconnaissance
up to satellite speeds and altitudes. The present phase is
divided into nine parts as listed below:

Part T Summary Report

Part II Selection of Hypersonic Configurations

Part IITI  Aerodynamic Flow Field Outside the Boundary

Layer
Part IV Determination of Boundary Layer Character-
istics
Part V Théfﬁsi Characteristics of the Camera Window
Part VI Luminosity and Contrast

Part VII Optical Resolution
Part VIII Refraction and Metric Distortion

Part IX Mapping and Reconnaissance from Hypersonic
Vehicles

This report completes the investigation carried out

under the present contract, DA-44-009 ENG-3990, Project No.
8-35-12-420.
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PART I: SUMMARY REPORT
INTRODUCTION
" The purpose of this summary report is to furnish a
concise view of the Phase II investigation.

The present investigatipn of aerial photography from
high-speed aircraft is sponsored by the Geodesy, Intelli-
gence and Mapping Development Agency (GIMRADA) of Fort
Belvoir, Virginia, and has progressed through Phase I
(Ref. 1) and Phase II. Phase i covered the supersonic
Mach number range up to about a Mach number of 5 and the
altitude range from sea level to 100,000 feef. The photo-
graphic problems of refraction, luminosity, scattering of
light by turbulent boundary layers, aerodynamic heating of
the camera window, and effects of window heating on opti-
cal quality were all investiéated. The Phase II investi-
gation extends these general studies to higher Mach numbers
and altitudes so that an overall view of the flight spec-
trum is obtained. Also, special aspects of the above sub-
ject needing further emphasis are included in the Phase IT
study.

The special subjects being investigated in the Phase
II study include consideration of real-gas effects, that
is, departures of air from an ideal gas, as they affect re-
fraction, aerodynamic heating of the camera window, and

camera window temperatures. In addition, the real-gas

I-1
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effect of air luminosity is more extensively studied than

it was in the Phase I investigation. In addition to these -
changes, two hypersonic configurations are being investi- %
gated with respect to deleterious effects on aerial pho- :
tography in order to determine those areas in the flight %
spectrum suitable for reconnaissance and mapping at the @
higher Mach numbers and altitudes. =

-

The present report is divided into nine sections which
correspond to the sub-tasks of the investigation. The parts

are as follows:

Part I Summary Report L
Part II Selection of Hypersonic Configurations -
Part III Aerodynamic Flow Field Outside the -
Boundary Layer o
Part IV Determination of Boundary-Layer =
Characteristics e
Part Vv Thermal Characteristics of the Camera -
Window =
Part VI Luminosity and Contrast »

Part VII Optical Resolution

Part VIII Refraction and Metric Distortion

Part IX Mapping and Reconnaissance from Hyper-
sonic vehicles

Parts II, III, IV, and V are basically combined
aerodynamic-thermodynamic analyses required as basic inputs
to the mapping and reconnaissance studies of Parts VI, VII,

VIII, and IX.

3

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0 g




Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

OVERALL INVESTIGATION AND DISCUSSION

In the following paragraphs, each part of the investi-
gation is described, particularly as it fits into the over-
all investigation. |

Part I

The purpose of the present summary report is simply to
give an overall view of the status of the Present investiga-
tion without necessitating a detailed study of its various
parts. It summarizes important findings and makes general
recommendations.

Part IT

The principal objective of Part II is to méke a ra-
tional selection of several hypersonic configurations which
can be used in the present study. While an attempt is made
to reach conclusions which are independent of configura-
tions, nevertheless, it is necessary to make calculations
for specific configurations if any quantitative insight
into the effects of hypersonic speed on aerial photography
is to be obtained. For this purpose, it was decided to
select two configurations which might be representative of
winged and nonwinged hypersonic configurations. In Phase
I, a sharp cone was chosen as representative of aircraft
nose shapes for Mach numbers less than 5. For Phase IT,
which considers much higher Mach numbers, a sharp conical

nose would burn because of aerodynamic heating.

I-3
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1

Accordingly, a very blunt cone was chosen as representative

of a nonwinged hypersonic configuration or the nose section

of a winged configuration. For a winged hypersconic config-

=

uration, a swept-wing glider of a large leading-edge radius

was chosen. i

In Part II, an analysis is made to determine the area

in the Mach number, altitude diagram wherein the foregoing
configurations can operate continucusly. For a given -

flight speed, the upper altitude limit is determined by the

requirement that the aerodynamic 1lift plus the centrifugal ﬁ
force due to motion about the earth equals the weight. -
Above this altitude, the vehicle speed would not be suffi- .
cient to sustain flight. The lower limit is represented by :
the lowest altitude at which the vehicle can fly at the given |

air speed without exceeding its allowable temperature

limits. The area between these limits is termed the corri-

dor of continuous flight. The actual extent of the corri-

dor depends on certain vehicle characteristics, as discussed = = 0
in Part II. For the configurations selected for the present
study, a range of Mach numbers at each altitude is specified

as a region of practical interest in which to investigate

5 |

e

aerial photography.

i
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Part III

A knowledge of the aerodynamic flow field external to

the boundary layer is necessary for the following calculations:

1. Thermal characteristics of camera window.

2. Effects of luminosity of flow external to boundary
layer on aerial photography.

3. Effect of turbulence on resolution.

4. Refraction errors due to flow external to boundary
layer.

The determination of the aerodynamic flow field about
cones traveling at Mach numbers below 5, which were treated
in Phase I, was a simple task because the air behaves as an
ideal gas, and the supersonic flow about cones for such a gas
has been tabulated. However, for the range of Mach numbers
above 5, air caﬁ depart markedly from an ideal gas. Further-
more, aerodynamic heating requires the use of blunt configu-
rations which complicates the calculation of the aerodynamic
flow field which is of the mixed (i.e., supersonicland sub~-
sonic) type. Methods exist and others are developed in Part
III for calculatiné the flow characteristics behind the shock
wave and at the edge of the boundary layer for the present
configurations for the real-gas effects exhibited by air. In
Part III, attention is paid to the flow external to the
boundary layer because this flow must be determined before
the boundary-layer flow is calculated. Furthermore, the
boundary-layer flow requires dquite different calculative
techniques for its determination.

I-5
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The flow considered in Part III corresponds roughly to

that in the following sketch:

Window QN Outer edge
Shock Shock of boundary
layer
Blunted cone Swept wing

The general shape of the shock wave is established, together
with its standoff distance from the window. The pressure
coefficient at the surface of the blunt cone is calculated by
several methods and compared with available experiment, Methods
are presented for calculating the conditions of the air at the
outer edge of the boundary layer.

Methods are given for estimating the temperature and
velocity profiles between the shock wave and the boundary layer
and for predicting the position of boundary-layer transition on
the aerodynamic configurations. It appears that turbulent flow
is probable on the wing at 100,000 feet and also possibly on
the cone.

The numerical results of this report differ somewhat for
250,000 feet altitude from those for the first interim report

for two reasons. First, a mistake in sign was found in
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Reference 3 of Part III which influenged the numerical results.
This error has been.rectified. Also, the former calculations
were made for thé 1956 ARDC atmosphere, whereas the resulﬁs of
the present_report are for the 1959 ARDC atmésphere. Thefe

are slight differences between the 1956 and 1959 ARDC atmos- '
pheres starting at about 186,000 feet altitude. At 250,000

feet altitude, the following differences occur:

Pressure Density Temperature
Atmosphere (lbs/ft%) (slugs/ft3) OR
1956 ARDC 4.864 x 10”2  7.996 x 10°8 345.3
1959 ARDC 4.364 x 10~ 7.748 x 1078 328.2

At much higher altitudes, the 1959 ARDC atmosphere is denser
than the 1956 atmosphere.

One point should be borne in mind concerning Part III. The
flow-field calculations have been made on the basis of the best
analytical results known to Vidya at the present time; However,
it must be remembered that the analysis is a first approximation
to the flow field which will occur in flight. This is\sﬁ because
hypersonic data are not available from flight or the wind‘tunnel
to check the validity of the assumptions which musﬁ be made to
obtain quantitative resulté. As hypersonic data become avail-
able, particularly from flight-test programs, it will be passible
to improve the flow-field calcﬁlative methods. These general

remarks apply also to Parts IV and V.
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Part IV

The purpose of Part IV is to develop methods for calcu- :
lating the details of the flow in the boundary layer. Such -
information is required for calculating the following quantities:

-
1. Effects of luminosity of air in the boundary layer -
on aerial photography.

2. Effect of turbulence on resolution. -

The boundary-layer characteristics which must be calculated

oy |
R

include:

1. Boundary-layer thickness.

i |

2. The following boundary-layer profiles:

a. Temperature ;
b. Velocity

Cc. Density :
Whether the boundary layer at the window is laminar or turbu- -
lent is determined by methods considered in Part III. :
There are several circumstances which make calculation of :

the boundary-layer flow different from its calculation in the |
Phase I study. In the first place, the configurations are now ”
blunt rather than sharp cones so that the boundary layer is not y
at uniform pressure along its entire extent. Generally, both =
-

the surface pressure and temperature will be variable from the i
nose to the windows for the present configurations. Also, the
temperatures within the boundary layer are sufficiently large

in certain cases of interest that the air no longer acts as a

perfect gas, and real-gas effects have to be included in the
I-8
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boundary-layer analysis. Because a general theory of boundary
layers with real-gas effects is not available in the literature,
special calculative meﬁhods have been devised. vActually; the
calculative methods developed for this part are based on analy-
sis presented in Part V.

One of the principal assumptiéns in the analysis of Pérts
III, IV, and V is that’all the air in the boundary layer came
through the part of the boW shock.which is essentially normal

to the free-stream diréction, as shown in the following sketch.

Edge of boundary
layer -

To check this assumption we must know the mass flow in the
boundary layer at the camera location. The thickness of free-
stream flow to provide this mass flow can then be determihed.
From the shape of the bow shock nose, it can be estimated
whether this mass flow could have come through an eéssentially
normal part of the bow shock. Such estimates have been made,
and it is found that the assumption is valid up to 200,000
feet altitude. AaAbove 200,000 feet the assumption breaks down
gradually so that the results for 250,000 feet contain some
errors due to this source.

I-9
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Another implicit assumption in the foregoing sketch is
that the boundary layer thickness is small compared to the
stand-off distance of the shock from the lower surface. It
turns out that this assumption is valid up to 200,000 feet
also and breaks down progressively above this altitude. How-
ever, this assumption can be easily modified by measuring the
shock stand-off distance from the outer edge of the boundary
layer rather than the wing surface. This adjustment was made
in calculating the path length of luminous air in Part VI.

It probably should also be mentioned that the art of calculating
boundary layers with real-gas effects is not highly developed,
and that the calculative methods of Parts IV and V must be con-
sidered as preliminary.

In the first interim report, attention was directed to
the problem of whether local "hot spots" existed in the boundary
layer. It was found that under conditions of the worst aero-
dynamic heating the peak temperatures occur at the outer edge
of the boundary layer - not within it.

In Part IV of this report, approximate calculative methods
are presented for calculating all the boundary-layer dquantities
mentioned previously. A sample calculation based on these

methods is also presented.
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Part v

The Principal burposes of Part v are to determine the
effects of aerodynamic heating on the camera window inner
and outer temperatures, as well as the heat transfer into the
Camera cavity. Such information ig basic. to an evaluation of
refraction errors, luminosity effects, and resolution losses.,

In Phase I, a method was developed for calculating heat
transfer to windows mounted on the surface of pointed cones.
In that method, account was taken of the effect on the heat
transfer of variation through the boundary layer of the physi-

cal properties of air such as Viscosity, thermal conductivity,

~density, etc., which vary with temperature. In Phase I, the

surface temperature of the pointed cones was assumed’to be
uniform, as well as the pressure distribution.

In the present phase, the configurations in dquestion are
blunted cones (assumed three-dimensional),and blunt wings
(assumeqd two-dimensional), rather than pointed cones. The
Pressure distributions on the configurations are thus non-
uniform, Also, the surface temperature between the stagnation
point and the window is allowed to vary. It is essential that
the analysis take account of real~gas effects on heat transfer

as they are important for hypersonic speeds. The effects of

dissociation and ionization on the physical broperties of air
are also important. The analysis bresented in Part v takes

into account all the above effecfs and is applicable to both

1
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laminar and turbulent flow. Calculation of heat-transfer
rates and surface temperature distribution requires an iter-
ative calculation since local surface temperature depends on
local heat-transfer coefficient and conversely. A sample
calculation is included in Part V on the assumption of a
surface at radiation equilibrium with its surroundings.

In the analysis a method has been devised for calculating
the heat transfer based on the assumption that the air at the
outer edge of the boundary layer goes through a section of the
bow wave which is essentially normal to the free stream. This
assumption was discussed previously gander Part IV. The analy-
sis also yields calculative material which is used as a basis
of the analysis of Part IV. The calculative method has been
applied to a range of speeds and altitudes for the example
configurations to obtain the necessary information for napping

and reconnaissance studies.

Part VI
This part has three purposes:
1. Development of a rational criterion for assessing the
effects of air luminosity on aerial photography .
2. Determination of luminosity poundaries in the Mach
number ; altitude diagram which delineate those regimes wherein
the effects of luminosity are deleterious for the example con-

figurations of pPart II.
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3. Investigation of methods for alleviating the dele-
terious effects of luminosity on aerial photography.

In Phase I, a rough criterion was advanced that the £film
illumination at the center (i.e., on the optical axis) due to
luminosity does not exceed one-fifth that due to the average
illumination without luminosity. In this phase, the criterion
is refined to include its dependence on the contrast of the
object being photographed against its background, the wave-
length of the light used, and the ratio of sky brightness to
the brightness of the background.

The reduction in inherent contrast of the ground object
against its background is determined for a Rayleigh atmosphere
as a function of altitude, nadir angle, and wavelength. A
method is advanced for evaluating the contrast reduction
through the luminous layer of air, the thermodynamic condition
of which is determined in Parts TII and IV. The method for
calculating the brightness of the luminous layer utilizes
calculated absorption coefficients for air. Since Phase I,
more extensive tables of this dquantity have become available;
in particular, the absorption coefficients are available for
lower densities by five order of magnitude than formerly.

Detailed calculatioﬁs of the luminous boundaries in the
Mach number, altitude diagram have been made for the example
configurations to delineate the regime wherein luminosity has
an adverse effect on aerial photography at hypersonic speeds.
This information is utilized in the study of Part IX.

I-13
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No deleterious effects were found for the nonwinged
vehicle as far as degradation of contrast due to luminosity
is concerned. Large deleterious effects were found for the
winged vehicle for 0.4 microns, but small effects for 0.7
microns. The difference can generally be ascribed to the
large angle of attack of the impact surface on which the

window is mounted for the winged vehicle.

Part VII

In Phase I, wind-tunnel data were applied to the pre-
diction of the loss of resolution in flight caused by
turbulent boundary layers. The method employed is semi-
empirical, and its applicability to flight is questionable
because the boundary layer in flight is cooled rather than
adiabatic as in the wind tunnel. To adapt the wind-tunnel
results to flight requires removing the empiricism from the
wind-tunnel results so that their application to flight can
be rationally evaluated. The same rational analysis of light
scattering by turbulence should solve the problem of rational
correlation of the data and application of wind-tunnel results
to flight.

A rational approach to the problem has been advanced by
Liepmann in Reference 4. This analysis has been reexamined
to try to apply it to highly cooled boundary layers. A local

similarity assumption has been suggested for this purpose.
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No calculations have been made to determine the loss of
resolutioﬁ due to turbulent boundary layers because the
boundary layers have been almost all laminar in the Present
stﬁdy.

Part vIIT

The principal burpose of Part VIIT is to extend.the re-—

fraction calculation methods of Phase I to hypersonic con~-

figurations, and to investigate the variation of refractive

An investigation was undertaken to see how the assumeg
variation of atmospheric density with altitude affectsg the

calculated ground displacement due to refraction. The theory

accurate solution for ground displacementsg and can be used in

full generality.

significance. ~Pirst, because of real-gas effects of dissociation
or ionization, the index of refraction of the air may be changed
from its usual room-temperature value. An investigation of

dissociation reveals significant increases in the

I-15
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specific refractivity due to this phenomenon. Seconrd, with
dissociation and jonization of the air, the air densities of
the near flow field can be significantly greater than for an
ideal gas, thereby increasing the refractive errors.

Systematic calculations of the refractive errors in the
vertical plane of symmetry have been made for the configurations
described in Part II. These calculations give insight into the
relative importance of the following sources of refractive
errors:

1. Atmospheric refraction (far flow field)

2. Boundary layer

3. Plow field between boundary layer Near flow field
and bow wave

4. Bow wave

5. Temperature-induced curvature to the camera window

As it turns out, items 2, 3, and 4 are not important for
altitudes well above 100,000 feet. Items 1 and 5 are the
gignificant ones. The temperature-induced lens effect of the
window increases with aerodynamic heating. For the blunt swept
wing it can be very large; a 40-foot ground displacement for
the examples calculated. At high angle of attack with a flush
window, the incidence of the light rays to the window can be

very large for rearward vision.
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The angle of incidence in this case is the sum a +.g; :Foruan
angle of attack of 45° and a nadir angle of 450, we have grazing
incidence.
Part IX

The principal purpose of this section is to examine the
suitability of various configurations for mappihg and reconnaisg-
sanée; The two configurations of Part IT are used and the.
corridors of continuous flight are determined in the Maéh huﬁbér‘-
altitude diagram. TheSe‘corridors are regions in the diagram
where the vehicles must operate if they are to be able to
generate enough lift to sustain flight and withstand the
structural temperatures due to aerodynamic'heating. From the
standpoint of mapping and reconnaissance we are-interested to |
know the limiting lines in the diagram with respect to the folloﬁ—

ing parameters:
I-17
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e we

(1) Window temperature, T

o -
(2) window temperature gradients, AT
(3) Contrast reduction due to luminosity L
(4) Refraction errors {metric distortion)
(5) Resolution loss due to turbulent boundary layers &
Both configurations have been examined in connection with -
these five points. The results for the configurations are
summarized in the Conclusions section. -
CONCIUSIONS -
1. An analysis taking into account real-gas effects has
been developed for estimating the temperatures of the windows "
mounted in hypersonic configurations. It was found that within -
the corridors of continuous flight the window external temper-
atures did not exceed those which can be withstood by guartz -
glass.
2. While no serious loss of contrast due to air luminosity q

is found for the nonwinged vehicle, serious loss of contrast is

encountered for the winged vehicle at low wave lengths (0.4p ).

Increases in angle of attack will further increase the luminosity z
for the winged vehicle. !
3. The general methods for calculating the flow field with !g
real-gas effects as developed herein are valid to altitudes of -
200,000 feet. Above this altitude, the boundary layer becomes E
nearly as thick as the calculated flow field. Also, the boundary -
E
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layer air does not come through a normal point of the bow shock
wave. The analysis is grossly complicated by the second effect.

5. A method has been suggested for correlatihg wind
tunnel data on light scattering by turbulent boundary layers
which takes account of large density changes through the
boundary layer.

6. The significant refraction errors at high altitudes
are due to the atmosphere and to the lens effect of the window
induced. by aerodynamic heating. The ground displacements due
to the vehicle flow field are small because of the low air
densities at high altitudes. For rearward looking rays from
the blunt wing at high angles of'attack very large ground
displacements due to the lens effect of the window can occur.

7. A precise numerical evaluation of the ground dis-~
Placements due to atmospheric refraction using the 1959 ARDC
. atmosphere has been made.

8. 1Increases in the specific refraetivity of air of
20 percent can occur because of dissociation of air caused
by high temperatures.

9. The nonwinged vehicle investigated seems suitable for
mapping and reconnaissance for several reasons.

(a) The maximum window temperatﬁre of 1200°R is
well within the capabilities of duartz windowsf

(b) The maximum temperature difference across a
quartz glass window ef 1/2-inch thickness is

about 80°F.
I-19
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(c) No severe effects of air luminosity on aerial
photography are found.

(d) Aside from atmospheric refraction, the greatest
refractive error is due to the lens effect of
the window induced by aerodynamic heating. The
net ground displacement is a maximum of 6 feet.

. (e) Because the boundary layer is laminar for alti-

tudes above 100,000 feet, the loss of resolution

due to turbulent boundary layers does not appear

to be important.
10. The winged configuration exhibits the same general
effects as the nonwinged vehicle but generally to a greater

degree. At 45° rearward nadir angle ground displacements of

40 feet occur. This value will increase rapidly with increases

in angle of attack. At a wave length of 0.4 microns there are

large reductions in image contrast due to luminosity of the air.

At a wave length of 0.7 microns this deleterious effect has

almost entirely disappeared.

RECOMMENDATIONS

1. The present investigation could be usefully extended
to infra-red photography and radar photography.

2. Work should be started.toward an understanding of
radiation heat transfer, structural failure due to thermal
shock, and contrast reduction in "hot" glass windows. Experi-
mental data in these areas are reduired.
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3. The study of the winged configuration needs extend—’
ing to investigate the importance of angle of attack and to
extend the luminosity calculations.

4. Methods should be developed.for calculating flow
fields around hypersonic configurations when the boundary
layer does not come through a normal part of the bow wave
and when the'boundary layer is as thick as the shock étand-
off distance.

5. It is recommended that the suggestion made herein
for correlation of wind tunnel data on loss of resolution
due to turbulent boundary layers be attempted. If successful,
it should be applied to predictions of resolution losses in
flight since it considers large changes in density through
the boundary layer.

6. ‘A flight test brogram to obtain loss of resolution
due to turbulent boundary layers is needed. The flight test
Program must be carefully planned.so that it will yield data
which can be compared with existing wind tunnel data,

7. Methods of mounting the viewing window should be
investigated with an aim of minimizing the lens effect in-

duced in the window by aerodynamic heating,

I-21
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PART 1I: SELECTION OF HYPERSONIC CONF IGURATIONS

et

INTRODUCTION

A realistig examination of the effects of sSupersonic and
hypersonic speeds on aerial Photography cannot be made without
some notions of the configurations typical of vehicles operat-
ing in the speed and altitude range under consideration. In
Reference 1 (the Phase I study of this contract), where the
Mach number range was between 1.0 and 5.0, a sharp cone was
chesen as a typical configuration. This was thought to be
representative of the nose configuration of current manned
aircraft and drones. _Given this simple shape, the cone angle,
and the camera window location, calculations of the tempera-
tures and densities in the flow fielgq surrounding the vehicle,
in the boundary 1ayer on the vehicle surface, and across the
camera window could be made for a particular flight altitude
and flight Mach humber. The results of these calculatlons
could then be used ta determine the metric distortion and
loss of resolution to be expected 1n_photographs taken at

these flight conditions. f

In the present investigation, which is an extension of
the flight regime of Reference 1 to higher altitudes and Mach
numbers, the same details of the flow field Surrounding the

vehicle must be known. Hence, typical configurations must

agaln be specified in order to develop the required aerodynamic,
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thermodynamic, and optical calculative methods. At Mach numbers -
above 5.0, the so-called hypersonic speed range, the sharp cone @
does not serve as a realistic model since structurally it would -
not be able to withstand the extremely high temperatures which :i
occur because of aerodynamic heating. L |
It is, therefore, the purpose€ of this part of the present
report to select configurations and their dimensions which are 1
thought to be representative of vehicles which will operate at -
these high Mach numbers and altitudes. These models will then i
be used, in the succeeding parts of this report, in developing %
the methods for determining the effects of hypersonic speeds on :
aerial photography. In addition, a comparison will be made ﬂ;
between the temperatures to be expected on the vehicles and -
trajectories which they might fly in order to specify Mach U
numbers and altitudes for the calculations of the following -
parts of this report. It should be borne in mind that the -
results of the present report will not be applicable solely g
to the specific configurations. Every effort will be made to -
generalize the conclusions to ranges of configurations and to £l
discover design principles which will minimize undesirable "
configuration effects. |
-

et S |
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P(a,A)

conv

rad

SYMBOLS

speed of sound in atmosphere at flight altitude,
ft/sec , -

reference area, sq ft

chord length of wing, ft

drag coefficient i

Lift coefficient

acceleration due to gravity, taken as 32.2 ft/sec®
flight altitude above sea lewel, ft

1ift, lbs |

distance of camera window from shoulder, £t
flight Mach number

defined by Equation (II-7)

convective heat—transfer rate, BTU/sq ft-sec
radiation heat-transfer rate, BTU/sq ft-sec

distance from center of earth to vehicle, taken as
earth radius, 20,926,428 ft

nose or leading-edge radius, ft

radiation equilibrium tSmperature along stagnation

line of leading edge, "R unless specified otherwise

radiation equilibrium temperature at stagnation
point of hemispherical nose, R unless specified
otherwise

free-stream temperature, °rR
flight velocity, ft/sec
weight, 1lbs

angle of attack, deg

ratio of specific heats, 1.4 for low-temperature air

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0
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eTissiyity of vehicle surface at stagnation point
=0.8

cone semiapex angle, deg

quantity defined by Equation (II-8)

angle of sweep, deg

sea-level mass density, (0.002378 slug/ft3)
free-stream mass density, slugs/ft>

12

Stefan-Boltzmann constant, 0.481 X 10

angle defined by Equation (II-9)

II-4
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INVESTIGATION

three groups for purpoées of classification. These are shown

in the following sketch:

Wingless Misgsile Winged Missile ‘ Glider

The first is a wingless missile. The entire vehicle or only
the nose cone could be used for photographic purpose. The
second is a winged iifting vehicle which could be used for
hypersonic reconnaissance or mapping purposes, and the third
is an all-wing vehicle designed to Operate as a reentry glider.
A camera coﬁld be mounted in the lower surface.

The flow fields surrounding the noses of the first two
‘vehicles are identical for the same flight conditiohs and
nose shapes. If the camera is placed in the nose, the same
analysis of the aerodynamicband thermodynamic effects would
apply to both. A nose cone, therefore, wil1l be one config-

uration studied. Specifically” we will study a hemispherically :

blunted circular cone.
II-5
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Another generic type of vehicle is that shown on the
right in the preceding sketch. Let this glider be considered
to be a thick triangular wing with a cylindrical leading edge
and a hemispherically blunted nose. Photography taken from
a configuration of this type will also be studied.

Let us now describe these two configurations in more

detail.

Hemispherically Blunted Circular Cone
For this configuration let us assume the following gen-

eral shape:

Camera window

The blunt nose, which 1is a segment of a hemisphere, has a
radius, R. The afterbody is a truncated cone of semiapex
angle, Gc, and the camera window is mounted a distance, LW,
back along the surface of the cone from the tangent point
(the point where the hemisphere and the cone join) .

To specify the geometry of the configuration SO that the

necessary calculations can be made, consider Figure II-1(a) .
1I-6
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Let the window be located 6 feet behind the tangent point
(LW = 6 ft) and, in order to have sufficient Toom in the cone
for mounting an optical system, let us assume the diameter at
the camera location is approximately 3 feet. Let the nose

radius be 1.0 foot. Since

" 9 N . = " + " ]
Base diameter 2(R cos Gc LW sin GG)

we have the folleing set of parameters Specifying the geom—~

etry which vields approximately a 3-foot base diameter

Ly = 6.0 ft
R = 1.0 £t

6 =5.0°

type could Operate will probably be determined by the temp-
erature limitation of the material ysed for the vehicile nose.
Since for photographic Purposes it will pProbably not bpe pPos-
'8ible to use an ablative nose, the flight corridor will have
to be.chosen So that the maximgm temperature,,which occurs

at the stagnation point of the nose, does not €xceed that

II-7
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rate to the convective heating rate. The radiation cooling
rate is the rate at which heat is radiated away from the -

vehicle, and the convective heating rate is the rate at which

-
the vehicle is heated by convection from the surrounding air. E
These two rates are as follows from References 2 and 3: -
q = eoT* (1I-1)
rad - =
p c v 3 o
1.7 600 00 [>) |
a = ——'——-(——) —/z (11-2)
conv \/ﬁ-— Po (gr)s 2 -
From Reference 4 we have the following relation between
-
velocity and Mach number: (i
v, = M a, =49 M VT (11-3) 1
Equations (11-1) and (II-2) can now be equated and the follow- -
3
ing expression cbtained relating the radiation equilibrium
=»
temperature at the stagnation point to the free-gtream con- z}?
ditions
| : 3 4 8 3 !
4 17,600 (49)° M, P a/2 =
(rg)*= 2 B (2) () (11-4)
eo VR (gr) o -
Thus., for a given set of flight conditions. we are able to -
calculate the radiation egquilibrium temperature at the stag-
nation point of the hemispherically blunted cone. %
Since we are interested in defining a corridor through
-
which a vehicle of this type can operate without the stagna-
tion point temperature pecoming too high, let us take the -

11-8

L
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configuration of Figure II-1{a) and calcylate, for specific
values of TS, the combinations of Mach number and altitudes
at which‘these temperatures eccur. Current materials will
withstand temperatures of approximately 200072 P (2460° R)

Yo} calculgtions are made for this temperature. To bracket

this valuye, temperatyres of 1500° w and 3000° F are also used.

altitude, using Reference 5 to obtain the density ratio ang
temperature for this altitude, ang, thus, computing the

Mach number. The results of these calculations are shown in
Figure II-2 for the dimensions of the hemispherically blunted
cone specified earlier.

Superimposed on these constant temperature lines are
three trajectories which a vehicle with a nose of this type
might follow. asg can be seen from Figure 11-2, for.a good
portion of the flights, the temperatyre greatly exceeds the
2000° F limit Qflcurrent materials. This isg particularly
true for the heavier vehicles-(W/CDA = 32.2 1bs/sq f£t) since
temperatures in these cases exéeed 3000° p. For the lighter
vehicle (W/CDA = 3.22 lbs/sq ft), the temperatures are some~
what lower. Consequently/ if the temperature at the stagna-

tion point of the vehicle is to be the critical one, it will

II-9
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In Figure II-2, the temperature curves can be thought of
as the lower limits of the corridors of continuous flight, the
actual curve depending on the structural temperature limit the

airframe can withstand. The trajectory curves can be thought

of as the upper limits of the corridors of continuous flight
for the particular vehicle parameters indicated. It is seen
that for a nonlifting vehicle with W/CDA = 3.22 and for a

structural temperature limit of 2000° F, the corridor closes
at a Mach number of about 10. To raise the trajectory curve

so that the corridor goes to higher Mach numbers, we can

further reduce W/CDA, increase the nose radius R, increase

the structural temperature 1imit, or provide 1ift to the
vehicle carrying the camera. Approaches such as these to
extend the range in the Mach number. altitude diagram that
would be useful for mapping and reconnaissance will be con-
sidered in Part IX when all the factors have peen studied and
calculated.

In order to perform the calculations in the succeeding
sections of this report for this configuration, a range of
Mach numbers and altitudes at which a vehicle of this type
might operate must be chosen. From Figure II-2, the follow-

ing range was selected:

I1-10
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Altitude, n_, £t - -~ Mach number, M
100,000 5 te o
150,000 5 to 12
200,000 7 to 14
250,000 10 to 26
300,000 16 to 32
350,000 22 to 32
400,000 . 28 to 32

Thick Triangular Wing With Cylindrical
Leading Edge

Let us now - examine the second generic type of hyper—
Sonic configuration, the thick triangular wing with a cylin-
drical leading edge ang a.hemispherically blunted nose. The
general shape shown in Figure II-1(b) will be assumed for
this configuration. The leading edge has a radius, R, which
is everywhere normal to the leading edge. The wing is 2
radii thick and is swept back at an angle, A, It fljes at
an angle of attack, a,l and has the camera'window located
in the plane of Symmetry at a distance, LW’ behind the
tangent point on the lower surface of the wing. Let us spec-

ify the following values of the above-mentioned duantities:

A = 70

a = 20°

R = 1.0 £+ »

LW = 6.0 ft

¢ = 10.0 ft
II-11
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The Mach number, altitude range through which a vehicle
of this type could operate will again probably be determined
by the temperature which the structure can withstand. The
hottest point will be the stagnation point of the nose of
this wing. Here, the radiation equilibrium temperature will
be the same as for the blunt cone of the preceding section
since R 1is the same. Another temperature of interest on
the wing is the radiation eguilibrium temperature along the
stagnation line of the leading edge. This temperature can

be determined by equating the radiation cooling rate and the

convective heating rate given in Reference 2. These edquations

are
daq = €0 Tle4 . (11-5)
and
v @
13,200 [ P \% o
q = === <:;;j) — /2 Pla,h) (1I-6)
where

P(a,A) = X% (L - 0.16 cos2 a sin® A)

3.
2 .2 2 2 1 4
E_— cos® a sin A + T§:THEE;1<} + WM&E>
(11I-7)

1 - 0.62 cos2 a sina A
» = sin a sin ¢, + cos a COS A cos ¢ (11-8)
= tan Q _
tan ¢ o5 A (I1-9)
II-12
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The following expression is obtained from Equations (ITI-3),

(II-5), and (II-6):

L
13,200 (49)°® M ° P(a.A) P N2 .
4 ® <_°°><p>3/‘ : (II-10)
le po ®

es VR (gr)¥/%

H
i

This equation is evaluated in the same manner as Equation (II-4).
This has been done for the same temperatures as were used in
Figure II-2, that is, 1500° F, 2000° F, and 3000° F, and the
results are plotted in Figure II-3. A comparison of these
curves for the leading-edge temperature with those for the
temperature at the stagnation point of the nose (Fig. I1-2)
indicates that, at a given altitude and speed, the leading
edge is cooler than the stagnation point.

Superimposed on the temperature curves of Figure II-3 is
an equilibrium glide trajectory. This type of a trajectory
would be typical of this type of a vehicle and satisfies the
condition that the weight of the vehicle be equal to the aero-
dynamic 1ift plus the centrifugal force.

a

V.

I '
W = I + 3 % (II-11)

The lift coefficient is defined as

L
1/, v, "2

Equations (II-3) and (II-12) will allow Equation (II-11) to be

rewritten in the following form:

II-13
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MZ=

-]

(11-13)

1
(49) *1 P _ L
o 2(W7CLA) gr

In order to solve this equation for the trajectory by

assuming an altitude, obtaining p_, 2 and T £from Reference

5, and solving for Mm, the parameter W/CLA must be specified.

The lift coefficient, C can be obtained again using Refer-

LR

ence 2. Thus.,

= 2 2R L . .2
CL 2 [sin a cos a C gin o 3 sin< ¢«

+-% sin a cos a cos A +-% cos2 a cosaigj]

(11-14)

For the configuration and angle of attack considered here, we

find

CL = 0.186

Let us assume a weight-to-area ratio (wing loading) of

= 20 lbs/sq ft

»|E

Now if we assume various altitudes and solve Equation (II-13)
for the corresponding Mach numbers, we obtain the trajectory
shown in Figure II-3.

A comparison of this trajectory with the temperature
curves of Figures II-2 and II-3 led to the selection of the

following Mach number, altitude range to be used for the

11-14
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winged vehicle in the following parts of the report:

Altitude, hm;.ft Mach number, Moo
100,000 T to 12
150,000 6 to 16
200,000 10 to 22
250,000 14 to 32
300,000 24 to 32
350,000 24 to 32
400,000 24 to 32

CONCLUSIONS

The following two configurations were chosen as repre-
sentative of future hypersonic vehicles:
l. Circular cone with a hemispherically blunted nose
2. Thick triangular wing with a cylindrical leading
edge and hemispherically blunted nose
The following dimensions were chosen for the calculations
of the following parts of the report:

l. Circular cone

o, = 5°

R =1.0 ft
LW = 6.0 ft

2. Thick wing

R = 1.0 f¢
LW = 6.0 ft
A = 70°
a = 20°

II-15
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The following flight conditions were chosen as typical:

1.

2.

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

Circular cone

h,. £t

100,000
150,000
200,000
250,000
300,000
350,000
400,000

Thick wing

h . ft

100,000
150,000
200,000
250,000
300,000
350,000
400,000

11-16
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32
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14
24
24
24
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12
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- Base diameter

Tangent
point

R

1.0 £t, 6,

]
Y

Base diameter = 2(R cos 6 + I sin 6 )
_ C W c

2(cos 5° + 6.0 sin 5°)

3.04 ft

(a) Hemispherically blunted circular cone.

Figure II-l.- Geometry of hypersonic configurations to be‘
studied’

Approved For Release 2000/04/12 : CIA-RDP67.800657R000300070001-0



Approved For Release 2000/04/12 : CIA-'RDP67800657R0'003000.70001-0

[+ ¢ = 10.0 £t >

= 1.0 £t

R
a-20° ?; : — 4 2| _Camera window
. . o
' i—— L, = 6.0 ft—O*

(b) Thick triangular wing with cylindrical leading edge,

Figure II-l.- {(Concluded).
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400

300

N
W

200 /

Nonlifting reent r
a circulgr orbi%y from

W/CpA = 3.22

B -

W/CDA = 32.2

Lifting reentry from
a nearly circular
orbitz (L/D = 0.5,

;00 // i / T_ W/CDA = 32.2) ]
' / / ~1500° F
/ Vainme ~2000° F
/ - 3000° F
) ]
0 4 8 12 16 20 24 28 32
Mach number

Figure II-2.~ Radiation eguilibrium temperature at the stagnagioﬁ point of a hemispherically

blunted cone (R = 1.0 ft, GC = 57),
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Figure II-3.- Radiatien equilibrium temperature at the stagnation line of the lead-

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

ing edge (R = 1.0 ft, A = 70°, a = 20°).

—_

o

R



E_

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0’

PART III: DETERMINATION OF FLOW FIELD
OUTSIDE THE BOUNDARY LAYER

INTRODUCTION

The photographic problems of optical resolutiong loss of
contrast, refraction, and metric distortion which are likely
to be encountered in aerial reconnaissance from hypersenic

- vehicles are dependent upen the variations in densitya temper-
ature, and tﬁrbulence level of the intervening air between the

' camera objective and the ground object being phetographed.
Therefore, before any calcﬁlations can be made of the optical
quality of the phoﬁograph to be obtained at givehaflight con-
ditions, one must first celculate the characteristics of the
aerodynamic flow field surrounding the photographing vehicle.
This part of the report end the succeeding paft are concerned

with this task.-

At extremely high altitudes, where the vehicle would be
at hearly orbital velocity, the aerodynamic effects are
negligible because of the viftual absence of air. As the
vehicle descends into the atmospﬁerep however, it gradually
becomes subjected to the increasing effects of the air imping-
ing upon it, first as inaividual particles (the so-called
free-molecule flow) and finally as a continuous fluid (the
so-called continuum floW). In the latter flow regime, a well-

defined shock wave has been established around the wvehicle,

ITT-1
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ané the aerodynamic flow field is confined within that shock
wave. At intermediate altitudes between the free-molecule
regime and the continuum-flow regime, where the mean free path
of the air is comparable to the shock standoff distance, the
very mechanism involved in the formation of a shock wéve is
not at all clear, and the methods of analysis for determining
the flow field are nonexistent at the present time. It was
shown in Reference 1 that the cutoff altitude for using con-
tinuum analysis is of the order of 300,000 feet. Therefore,
the aerodynamic flow field analysis of the present study will
be confined to altitudes of 250,000 feet and below.

Since we shall be concerned here with the continuum-flow
or aerodynamic regime, we shall divide the flow field into two
general regions; that between the shock wave and the outer
edge of the boundary layer (the inviscid region), and that
inside the boundary layerl. This part of the report will deal
with the former region, which must be calculated first, and
the details of the boundary layer itself will be the subject
of Part IV. It should be pointed out that such a division of
regions within the shock layer again implies some restriction

of altitude, since at the more extreme altitudes the velocity

lThe existence of a distinct boundary layer actually becomes
questionable at extreme altitudes even in the continuum-
flow regime and one should treat the entire region within
the shock layer as a single region of viscous flow if exact
results are required. .

ITI-2
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at the body surface will not be zero relative to it (i.e.,
there will be "slip flow"). However, it must be borne in
mind that as the aerodynamic flow field becomes ill-defined
at the more extreme altitudes, the aerodynamics also becomes
less important as a factor in detefmining the overall perfor-
mance of the optical system for aerial reconnaissance and

mapping.

ITI-3
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SYMBOLS
speed of sound, ft/sec
specific heat at constant pressure, ftz/secz-OR

specific heat at constant volume, ft®/sec®-°R

Newtonian drag coefficient of a circular cylinder
normal to the stream (CD = 1.2)

pressure coefficient, (p - pw)/(%pwvme)
constant (see Fig. III-3)

thickness of blunt delta wing, ft (d = 2R)
internal energy, ftZ/sec® -
altitude of vehicle, £t

enthalpy., ftZ%/sec?

distance from shoulder to camera window, ft
Mach number

static pressure, 1b/ft®

local radius of shock wave for blunt cone at zero angle
of attack measured normal to axis of symmetry, £t

nocse radius, ft

radius of blunt cone at camera window, ft

PaVsS
transition Reynolds number, —QEQ—EE
b
pavax
Reynolds number,
a
. P5VeSw
local Reynolds number at camera window, __E—__
6

low temper%ture universal gas constant = 1,724
ft2/sec®-°R

I11-4
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distance measured along wing or body surface in plane
symmetry from zero angle of attack stagnation point,
ft

°rR

temperature,
velocity, ft/sec

component of free stream velocity normal
to shock wave, ft/sec

-axial distance from nose, ft

distance outward from vehicle surface
in direction normal to surface, ft

compressibility factor
local angle of attack of body or wing surfaces, radians

ratio of specific heat, cP/cV

boundary layer thickness, ft

boundary layer displacement thickness, ft

shock-layer thickness at camera window on blunt cone, ft
shock standoff distance at stagnation point, ft

shock~layer thickness at camera window on blunt delta
wing, ft

local slope of shock wave relative to free stream,
radians '

half angle of blunt cone (5° in present study)

sweepback angle of blunt delta wing (70° in Present
study)

viscosity, lb-sec/ft?

mass density of gas, slugs/ft2

ITI-5
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Subscripts
a conditions on a wedge of half angle o at zero angle g
of attack in inviscid flow
s outer edge of boundary layer ﬂi
s stagnation %

sw immediately behind shock wave e

tr transition
w camera window or body or wing surface

) free stream g

Eery
BE g

III-6
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INVESTIGATION
Since the aerial camera will be mounted in the lower
surface of the mapping or reconnaissance vehicle, the aérody—
namic flow field will be calculated only for the high-pressure
sidé of a lifting vehicle. Thus, the aerodynamic flow fields
to be considered for the two generic types of hypersonic con-
figuration selected in Part II are illustrated‘in the follow-

ing sketch:

M M
- . —0,
Camera
window
Boundary
Shock wave Laver “- Boundary
Shock wave layer
Blunt Cone Blunt Swept Wing

In order to calculate optical errors cauéed by the aero-
dynamic flow fields surrounding the camera window of these
vehicles, one must determine the local pressures, densities,
and temperatures throughout regions I and II (i.e., through-
out the shock layer). The pressure distribution over the

body surface is required for the determination of the boundary-

I1I-7
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layer growth and of the heat transfer to the window. The

%iﬂ

local densities and temperatures enter directly into the

calculation of refraction errors and the determination of

e |

luminosity boundaries in the Mach number, altitude diagram.
The detailed characteristics of the boundary layer, and,
in particular, whether it is laminar or turbulent over the

camera window, will determine the severity of aerodynamically-

v ool = 1

induced losses of optical resolution.

sl

The precise calculation of the inviscid flow field

(region I) on the blunt cone involves a very laborious

wai )

numerical calculation for each flight condition, even for

the case of zero angle of attack. At the present time there

is no method available for computing the inviscid flow field,

precisely, on the blunt swept wing. Since, for the present

investigation, precise calculations are probably unnecessary,

b
= '

we shall use approximate methods and calculate the flow fields

-
i

about both configurations in the following steps:

1. Determine the conditions at the edge of the boundary

layer.

2. Determine the type of boundary layer, that is,

»
i

laminar or turbulent, at the camera window.

i 0

3. Determine the shock layer thickness and the shock

wave slope at the camera window location.

=

4. Determine the conditions behind the shock wave

at the window location.

III-8
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5. Determine the density and temperature distributions
J between the edge of the boundary layer and the shock wave at
the window location.
- The procedure to be described implies the assumption
_ that all of the air contained in the boundary layer has passed
i ,
through a normal shock wave. This in turn implies that the
_j boundary layer is very thin so that the edge of the boundary
layer is essentially a streamline. Consider, for example,
aJ the flow in the vertical plane of symmetry for two cases, as
: shown in the following sketch:
-
-
-
: Edge of
- boundary
" layer
: boundary
- layer
i Case (a) case (b)
-
- Let Y represent the cross section of free-stream air parti-
i
cles which end up in the boundary layer. In case (a) , the
H boundary layer is very thin and all the air in Y .has passed
through a normal shock. 1In case (b) , however, the boundary
-;
% III-9
-

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



Approved For Release 2000/04/32 : CIA-RDP67B00657R000300070001-0

layer is so thick (i.e., Y 1is so large) that much of the
air in Y passes through an oblique shock. 1In this case,

the previously mentioned assumption would not be valid. Oon
the other hand, if the curvature of the shock were very small,
then the normal shock wave would extend out to Y and again
the assumption would be valid, despite the relatively thick
boundary layer. It thus becomes clear that the requirement
for the analysis of this part of the report to be valid is
that the boundary-layer displacement tﬁickness 5" should

be much smaller than the radius of curvature of the shock
wave. The assumption made in the analysis can thus be written
as

6*

5w

<1

The validity of this assumption must await the numerical re-
8sults of Part IV.

The methods for obtaining the previously mentioned
dquantities will now be described, first for the blunt cone

and then for the blunt swept wing.

Flow Field Around a Blunt Cone

Conditions at the Edge of the Boundary Layer.-

In order to determine conditions at the edge of the

boundary layer on the blunt cone, including real gas effects,

by means of thermodynamic charts, two coordinates are required

III-10
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to define the proper location on the chart. Specifically,

if we know the enthalpy and pressure, the chart vyields all.
the corresponding gas properties. For this purpose, we shall
make use of the condition that the total enthalpy is conserved
along the stagnation streamline through the normal shock wave.

Thus?®

i, =c T + 2= = 6006 T + (II1-1)

8 P 2

The flow from the stagnation point reafward along the edge of
ﬁhe boundary layer is then assumed to be isentropic, so that.
all the gas properties along the edge of the boundary layer
can be determined with thermodynamic charts by moving along
an isentrope (which is determined by the stagnation énthalpy
iS and the stagnation Pressure ps) to the local pressure
at the desired point. Thus, to determine conditions at the
edge of the boundary layer at the location of the camera
window, we must have the static pressures at the stagnation
point and at the window.

In order to obtain a reliable determination of the two
pressures mentioned, that at the:stagnation point and that
at the point of interest, the camera window, an investigation
has been made to determine which of a number of available
methods best predicts the pressure distribution over the
blunt cone. The results of that investigation are pPresented

in Appendix ITIA and it was found that Newtonian impact

2The free-stream conditions are obtained from Reference 2'fof
the specified flight altitude.

III-11
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theory gave good agreement with experiment over a fairly
wide range of Reynolds numbers and Mach numbers. Conse-
quently, this method will be used for the blunt cone and
the two pressures we desire are

(I1I-2)

co

p, =c_ (hp v, + P
pS

and

Pg = C (p V) sin®0_ + p, (111-3)

Pg

where Cps is the pressure coefficient at the stagnation point.
This quantity is determined in Appendix IIIA and is plotted
in Figure III-1 as a function of flight Mach number.

These three quantities are then used in conjunction with
a Mollier chart of the thermodynamic properties of air in
chemical equilibrium (e.g. Ref. 3 or 4) to determine the re-
mainder of the gas properties at the edge of the boundary
layer at the camera window. The point determined by Pg and
is is found on the chart. The air is then éllowed to expand
isentropically ({(constant entropy) to the point determined by

Pg. This point then specifies the other gas properties at

the edge of the boundary layer at the camera window.

Determination of Boundary Layer Tvpe.—

In Ref. 5, it was found possible to correlate a large

mass of data pertaining to natural transition from laminar

III-12
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to turbulent flows on aerodynamically smooth, sharp-nose
cones at zero angle of attack. By this means, the longest
probable run of a laminar boundary layer could be reasonably
predicted for a configuration Suitable for the Mach number
range from 1 to 5, Furthermore, the Stagnation enthalpies
are sufficiently low in that regime gso that only a moderate
amount of eooling is required to maintain acceptable temper-
atures of the cone surface. Thus, the correlation was found
to apply to cooled cones as well.

For the present study, we are concerned with a Somewhat
different problem. In particular, the flight regime above
Mach 5 entails very high stagnation enthalpies and, conse-
quently, very high recovery temperatures at the vehicle
surface. This means, first of all, that the vehicle must

have a rather blunt nose, as discussed in Part II. (This

face.) Second, if the skin temperatures are to be maintained
at permissible'levels, then a large amount of cooling must be
applied. Even though this cooling may take place haturally

through radiation, it nhevertheless leads to a very low ratio

layer. Thus, we have the “highly cooleg* case, and the data

correlation of Ref. 5 is not applicable, even for sharp cones.
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e |

authors over the past several years, largely because of the

interest in practical hypersonic vehicles. (See e.g. Refs. %
6-10.) However, data in the highly cooled regime are rather "
difficult to obtain in the wind tunnel, because the low stag- =
nation enthalpies obtaining therein require that rather Q
sophisticated techniques be employed for cooling the model N
in order to reach low ratios of surface to stagnation tem- !3
perature. On the other hand, the shock tube, in which higher "
stagnation enthalpies can be readily obtained, is limited in 3
Mach number randge. Consequently, only scattered data have ":
been obtained on the combined effects of bluntness and ex- )
treme cooling, and no real attempt has been made to correlate 3

the limited available data.

As a result of the above-mentioned research, however,
one basic finding stands out. It has been clearly demonstrat- g
ed (e.g. Ref. 7} that boundary-layer transition is generally )
delayed by moderate amounts of cooling (as predicted by

stability theory) , but that if further cooling is applied

transition moves forward again. This phenomenon is generally
referred to as “transition reversal” and 1is not well under- '

stood. A similar reversal appears to be present in the effect

of bluntness on transition. That is. a small amount of blunt- %
ing delays transition, but further blunting finally reverses ,%
the trend and moves transition forward. There is a certain 1
qualitative consistency in the limited data available, and it

i
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van Driest's hypothesis is that as the stabilized boundary
layer is cooleq further, it becomes thinner ahead of and
behind a given small roughness element until the roughness
element is sufficiently large compared with the bqundary~
layer thickness to precipitate transition. This is particu-
larly well illustrated by the data of Reference 7 which are re-
Produced in Figure III-2 for a spherically blunﬁed cone. The
transition reversal is clearly indicated by the upper two
curves, which Show OpProsite trends for the effect of cooling
on transition, depending upon the level of cooling applied.
For larger amounts of cooling the lower three curves are of
particular interest in regard to van Driest's argument, which
appears to be substantiated by. the following two observations.
First, for Small.roughnesses; the wall temperature ratio must
be reduced to a3 low level indepeﬁdent of Reynolds number, td
induce'transition; Second, as the roughness Size is increésed,

the wall temperature ratio for tranSition'inCreases. That is,

For the flight regimes and configurations of the Present
study (see Part II), the wall temperatures are even lower than

those of Reference 7 Compared with the temperatures at the
III-15
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edge of the boundary layer. Fortunately, however, they fall

into a range which has been covered experimentally in a shock

tube (Ref. 12) for a blunt cylinder. 1In this region of ex-
treme cooling, it appears that the transition Reynolds number
is relatively insensitive to the exact amount of cooling. In
other words., it would appear that in the final analysis, the
effect of cooling on transition can be represented as shown

in the following sketch.

Tw Turbulent

Ty . 0.V:S

1.0 Laminar Re, Re,, = _EE;_EE
Mg S

Turbulent

Extreme cooling

The upper branch of the curve (;% >1) has been well defined
by the data correlation of Ref. 5, and it appears that all
cases considered in the present study fall in the region of
extreme cooling indicated in the sketch. The data of Ref. 12
(which extends the data of Ref. 7 to larger amounts of cool-
ing) show a rel atively constant transition Reynolds number

Re, . of 0.5x10% for this regime, and this figure will be

II1I-16
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used here to determine whether the boundary layer over the
camera window is laminar or turbulent. Tt should be pointed
out that the transition data of both Refs. 7 and 12 are re-
stricted to the Mach number range between about two and three,
and that the transition Reynolds number would be expected to
increase with flight Mach number, on the basis of the correla-
tion of Ref. 5. However, data are not Presently available:
for highly cooled blunt bodies at high Mach numbers, so the

transition Reynolds number obtained in Reference 12

Re, = 0.5x10°
tr

will be assumed for the entire Mach number range of the
present study. This is believed to be a conservative assump-
tion.

Thus, if the Reynolds number at the camera window based
on conditions at the edge of the boundary layer and the
distance along the surface of the cone to the window is less
than O-SXIOS, the boundary layer over the camera window is
considered to be laminar. If this Reynolds number is greater
than 0.5x10%, the boundary layer over the window is con-

sidered turbulent.

Shock Layer Thickness and Shock Wave Slope.-

In reference 13, Feldman presented numerical calcula-
tions to determine the inviscid flow field (i.e., the flow

in region I) surrounding a hemispherically blunted cylinder

IIT-17
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flying through a real gas at hypersonic speeds. As a result
of those calculations, it was found that the density is low
in the neighborhood of the body as compared with regions
closer to the shock. Therefore, Feldman reasoned that the
shock-wave shape should not be affected by a certain amount
of change in the body shape, and he demonstrated by numerical
calculations that such was in fact the case. Thus, for small
cone angles, as in the present blunt cone configuration

(GC = 59, the shock-wave shape should be satisfactorily
predicted by the second-order blast-wave theory formula of

Lees and Kubota (Ref. 14) for blunt cylinders (GC = 0).

That is.3

X
I—I; = 1.104 (ﬁ) (1 + 0.81 3‘%) (ITI-4)
M

where R 1is the radius of the blunt cylinder, x is measured
from the nose along the axis of symmetry, and r is the local
radius of the shock wave measured normal to the x-axis. It
should be pointed out that this equation will not predict the

shock shape around the nose but only applies downstream.

3peldman (Ref. 13) actually found very good agreement between
this formula and his numerical calculations which include
real-gas effects.

III-18
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-The shock-layer thickness at the camera window for the
blunt cone configuration of the present investigation (see

sketch)

is therefore given by
A =r -R - (I1I-5)

where Rw is the radius of the cohe at the location of the
camera window and L. is the corresponding value of r. The

body radius Rw is given by

Rw = R cos Qc + Lw sin Bc (IT1I-6)

and the distance xw from the nose to the camera window sta-

tion is

Xy = L, cos 6_ + R (1 - sin 6,) ' (III-7)

III-19
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Using these definitions, the shock layer thickness at

the camera window is

- % *w
A = 1.104 (x,R)* (1 + 0.81 —2) - R, (I11-8)
[

It can be seen in the preceding sketch that the shock

wave slope is given by the rate of change of r with X. That

is

tan € = %3(%% (ITI-9)

The shock wave slope at the camera window location is there-
fore obtained by differentiating Equation (III-4) and evalu-
ating this derivative at x = X,- Thus,

>

X X

tan € = —J‘—'l—oi—g (1 + 0.81 w2> ¥ 1'104(2'811 (—%) (ITI-10)
2(xw/R) RM_ M

Conditions Just TInside the Shock Wave.-

The calculation of conditions immediately behind an
oblique shock wave of known angle for a real gas in thermo-
dynamic equilibrium is straightforward, although laborious,
and involves a simultaneous (graphical) solution of the equa-
tions of continuity, momentum, energy, and state across the
shock wave. Such calculations have been carried out in
Reference 3 for altitudes up to 250,000 feet over a range of
shock-wave angles using the atmosphere of Reference 15.

Thus, having determined the inclination of the shock wave

I11-20
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relative to the free stream for eaéh flight condition (in the
preceding section), we shall use the method of Reference 3
and the atmosphere of Reference 2 to determine conditions just
behind the shock wave for the present study.

The equations to be solved (taken from Ref. 3) are the

following

c T e T p p P p
'ﬁ‘?— - ) _TE - R';W <Tsw> + %(;‘2 + _SE><__2 - __°> = 0 (IIT-11)
o sw o Po Fo /NP Pgy

P p p P p P :
ooN lj @) <p0 pOO Po pO pO po ( ) )

where
e, = 6,006 ft%/sec®-°Rr
R' = 1,724 ft®/sec®-°r
- o)
T, = 491.69°R
eSW - iSW -z
) '
R Tsw R TSw SwW
Po = 2.498x10°° slugs/ft®
o = 2/117 1b/ft®
va = amMm sin €

The method of solution of the two edquations is to:
1. Assume a value of TSw and find the set of values

of Pou’ and e (from Ref. 3, 4 or 16) for this

P sSw SwW

temperature which satisfy Equation (III-11).

ITT-21
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2. Use these values in Equation (III-12) and determine
the value of the left-hand side.

3. Repeat steps 1 and 2 until a plot of the value of
the left-hand side of Equation (III-12) against Ty 90€S
through zero. The wvalue of Tsw at this zero point on the
plot is the correct value of Tsw' the temperature behind the
shock wave.

4. Prom step 1 and the repetitions of this step, a
plot of p_, and p_ against T_  can be constructed and
the values of these two quantities for the correct value of
T from step 3 determined.

Sw

Temperature and Density Distributions Between the Edge of

the Boundary Layer and the Shock Wave.-

As previously mentioned, the detailed calculation of the

fluid properties in the inviscid region between the boundary

layer and the shock wave of the blunt cone is a very laborious

and time-consuming process involving the numerical method of
characteristics. This means that each flight condition must
be treated separately, and such an undertaking is clearly

beyond the scope of the present contract. However, in order

to make meaningful calculations of the optical effects of such
flow fields on aerial photography obtained at hypersonic speeds,

reliable estimates of the density and temperature distribution

III-22

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

1

ﬂ*i 2 {a' --d’ ud

il

we @ el

4it- il

»




Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

through the inviscid region of the shock layer are required.
Toward this end, we shall avail ourselves of the detailed
calculations made by Feldman in Reference 13 for the density
and temperature fields surrounding some blunt vehicles at
hypersonic speeds.

The results of Reference 13, in which calculations were
made at various axial positions along a hemispherically
blunted cylinder, indicated that beyond two to three nose
radii downstream, the density remains essentially constant
with radial distance over the inner portions of the inviscid
region, and that the éaximum radial density gradient occurs
just inside the shock wave. On this basis, we shall assume
for the present study that the density distribution from the
edge of the boundary layer to just inside the shock wave can
be represented by a parabola, with zero slope at the edge of
the boundary layer. Thus, we shéll assume the density dis-

tribution to be

r—Rw-é 2
P =0ps + (Pgy - Ps) <“A";:g—> ¢ T 2R, (I11-13)

where & is the boundary layer thickness.
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For the temperature distribution, a still simpler assump-
tion appears to be warranted; namely a linear temperature
distribution. Thus, the temperatures between the shock wave

and the boundary layer are taken to be distributed as follows:

r-Rw—é
T = T(5 + (Tsw - Té) <——‘A—c———), r > Rw (I1I-14)

Thus, the density and temperature distributions through the

inviscid region of the shock layer surrounding the blunt cone

-
ﬁ
&
P

are represented by Equations (III-13) and (III-14), where the

4 12l

constants appearing in those expressions have been determined

for each flight condition as explained in the foregoing

g
i

sections.

Flow Field Around a Blunt Swept Wing

Conditions at the Edge of the Boundary Layer.- %
For the blunt swept wing at 20° angle of attack, the ’
induced pressures caused by the blast wave from the blunt g

leading edge are likely to be significant, and Newtonian

=

impact theory is not satisfactory. For this configuration,

the semi-empirical method developed by Creager (Refs. 17 and

18) and extended by Rubesin (Ref. 19) to flight conditions?

. |
i

has been selected for the present calculations. For the case

1.,

“It should be pointed out that agreement with wind-tunnel data
does not guarantee agreement with flight data under conditions
of high stagnation enthalpies, as desired for the present
study. However, such flight data are not available.

el |
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of a laminar boundary layer, the resulting expression for the
pressures along the lower surface of the blunt swept wing at

angle of attack o 1is

) 3 ‘ 1/4.
o i y v (T /T )
§§> =1+ <b.l66 + 0.86 §¥%> - : OLa/.e ,i‘ =
% 1am : o \/va-l (la) RealX
2/ a .
+ El CD cosé/QA X -2/e 15
= ==—=(X (ITT~15)
’YS tan a

where the subscript w refers to conditions at the wall or
wing surface and the subscript o refers to conditions on a
sharp wedge of half angle o at zero angle of attack in én
inviscid flow. These latter quantities are approximated by
P, =C -]=‘pV2>sin20L'
o Py 2 T’

y*es (iII—l6)

<
Il
<

. o (cos a

v 2 ‘
i, = iy + —;L E— (cos OL)E'BJ

The second term on' the right-hand'side of Equation (ITT-15)

represents the pressure rise induced by the boundary-layer
growth, and the third term represents the pressure rise due
to the blast wave off the leading edge. Several pPhysical
assumptions are implied in these equations. First, it is
assumed that the.pressure rise due to boundary-layer growth
on theé wing can be represented by the pressure corresponding

to a boundary layer growing on a wedge with a sharp leading

ITT-25
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edge that is at the same angle to the stream as the wing.
Thus, the pressure field due to the blunt leading edge and -

the angle of sweep are not considered in the boundary-layer

growth. Second, it is assumed that pressure rise due to the !i
blunt leading edge is produced by a flow that remains in the -
chordwise direction. Since the flow remains in the chordwise E
direction in both of the above assumptions, Equation (III1-15) -
may be considered as a representation of "strip theory." ’
It should be mentioned that Equation (I11-15) was %
actually developed for predicting the pressures over the -
entire lower surface of a swept blunt wing and that recourse 3
was had to simple sweep theory which would not be expected to '
be applicable in the plane of symmetry of the wing where the ’
camera window is to be placed. However, Creager's results %
show reasonable agreement with wind-tunnel data even along -
the centerline of the wing. 3
The value of Vs in the preceding equations is deter- '
mined by the stagnation conditions, Pg and is’ which are
determined in the same manner as for the blunt cone (Eds. H
(1II-1) and (III-2)). The wall enthalpy, i, is determined -
with the aid of a Mollier chart (Ref. 3 or 4) using the ]
specified wall temperature, T and the inviscid wedge '
pressure, P,-

dzall
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The Reynolds number, Red < in Equation (III-15) is
! .

defined as

PV x
Re = 2o (III-17)
G,X . LLCX
where
- 3/ 2
_ -8 T Q
“a = 2.27xlO_ E;:T§§

The subscript o conditions not calculated in Equation
(IT1-16) are also found with the aid of a Mollier chart using
Py and ia to locate the point on the chart.

The quantity CD is the Newtonian drag coefficient of
the leading edge for zero a and zero sweep (CD =1.2).
The quantity C’y is given in Figure III-3 as a function of
Ye-

With Py is and P, determined,-the procedure for

determining the remaining conditions at the edge of the

boundary layer is identical to that described for the blunt

cone.

Determination ¢f ‘Boundary Layer Tvype.-

The general comments made regarding the effects of lead-
ing .edge blunting and surface cooling on boundary layer
transition on the blunt cone Presumably apply to the blunt
swept wing configuration although data are not currently

available for the latter. Consequently, the Reynolds number

ITI1-27
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of transition to be used here in determining whether the
boundary layer over the camera window on the wing is laminar

or turbulent will again be

= 8
Re = 0.5x10

That is, if the Reynolds number at the camera window based
on conditions at the edge of the boundary layer and the
length of run along the surface of the wing to the window
is less than 0.5x10° the boundary layer is assumed to be
laminar. If it is greater than 0.5x10%, the boundary

layer is considered turbulent.

Shock Layer Thickness and Shock Wave Shape.-

For the blunt swept wing at angle of attack, no analy-
tical method actually exists at the present time for predict-
ing the shock-wave shape around the wing. However, this
problem has been considered in Reference 1 which deals with
a configuration and flight conditions not too different from
those of the present investigation. On the basis of experi-
mental data obtained on both blunt and sharp delta wings of
78° sweep at high angles of attack for a Mach number of 5.8,
it was concluded in Reference 1 that the angle between the
shock wave and the lower wing surface is given quite well by

a tangent-cone analysis and that, above a Mach number of 10,

this angle remains essentially constant at a value of about 2%0.
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For the configuration treated here; this angle is giveh in
Figure III-4 as a function of M . Furthermore, it was found
that the shock standoff distance at the'stagnation point is
Oof the order of 6 percent of the nose radius, accounting for
real-gas effects at hypersonic Mach numbers. Therefore, for
the present analysis, the shock wave over the lower wing sur-
faee is taken to be (see sketch) .

Aw = Ao + Lw(e - a)

(111-18)
® 0.06R + Lw(e - a)

Conditions Just Inside the'Shock Wave . -

To determine the gas properties just inside the shock
wave at the camera window’location, the same equations
(Egs. (III-11) and (III-12)) are solved as were solvea.in the
case of the blunt cone. The method of selution is the same

as that presented there.

- Temperature and Density Distrlbutions Between the Edge of the

Boundary Layer and the Shock Wave.~

The same type of density distribution (parabolic) and
temperature distribution (linear) between the shock wave and
boundary layer will be assumed for the blunt swept wing as

for the cone. The equations are

ANE
P=rs+ (pgy = Pg) Y—-—Awﬁ,ﬁ_ (I11-19)

| ‘
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and
T o= Ty + ¥4,

where Aﬁw is given by Equation (III-18) and y 1is the
distance outward normal to the camera window. Thus, at

y=6, T =Ty and p =pg, and at y =4, T=T,  and

P

Pew

RESULTS AND DISCUSSION

Calculations have been carried out in accordance with
the foregoing analysis to determine the flow fields surround-
ing the camera window on both the blunt cone and the blunt
swept wing at altitudes of 100,000; 150,000; 200,000; and
250,000'ﬁeet. The results for the blunt cone are presented
in Figures III-5 to III-9, in the order in which the analysis
has been presented above. Thus, the 8 conditions are pre-
sented in Figure III-5, the Reynolds number for determining
transition in Figure III-6, the shock wave location and slope
in Figures III-7 and III-8, and conditions just behind the
shock wave in Figure III-9.

Perhaps the first significant result to be noted is
shown in Figure III-6 by the calculated Reynolds number Reﬁ,w
at the camera window. Evidently, the Reynolds number remains
well below that for boundary-layer transition (0.5x10°)

except at the lowest altitude of 100,000 feet. But even at
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100,000 feet the Reynolds number does not exceed 10% and
drops off rapidly as the flight Mach number is increased.
Therefore, it appears that the assumption of laminar flow
over the camera window of the blunt cone is not unreasonable
for the entire flight spectrum of the present study.

It can be seen from Figures III-5(b) and III-9(b) that
the densities just inside the shock wave are of the order
of ten times those at the edge of the boundary layer. Simi-
larly, as shown in Figures III-5(c¢) and III-9(c), the pressures
just inside the shock wave are several times those at the
edge of the boundary layver. The temperatures (Figs. III-5(a)
and III-9(a)) are correspondingly lower behind the shock, and
the increase in Ts with flight Mach number is evidently
dquite nonlinear. Similar nonlinear rises in temperature,
possibly related to the completion of oxygen dissociation
priqr to the onset of nitrogen disséciation, have been observed
in Reference 3. As expected, the local densities, pressures,
and temperatures all increase with increasing flight Mach
number.

The decrease of both shock layer thickness and shock wave
slope with flight Mach number are shown in Figures III-7 and
III-8, and Figure III-5(e) indicates that the Mach number Mg
at the edge of the boundary layer remains almost constant at
a value of about 3, independent of both flight Mach number

and altitude.

IITI-31
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The calculated results for the blunt swept wing at 20°
angle of attack are presen@ed in Figures III-10 through III-13
and it can be seen fhat, in general, the remarks just made .
for the blunt cone calculations also apply to the blunt swept
wing. The densities just behind the shock wave at the camera
location are again of the order of ten times those at the
edge of the boundary layer (Fig. III-10(b) compared &ith
Fig. III-13(b)); the pressure does not change much between
the shock wave and the boundary layer (Fig. III-10(c) and
Fig. III-13(c)): and the temperature at the edge of the
boundary layer is higher than that behind the shock wave by
about a factor of two (Fig. III-10(a) and Fig. III-13(a)).

The shock layer thickness (Fig. III-12) and the shock
wave slope (Fig. III-4 which is taken from Ref. 1) both de-
crease with increasing flight Mach number. The Mach number
at the edge of the boundary layer (Fig. III-10(e)) remains
essentially constant at a value of 2.0 for all flight altitudes
and Mach numbers.

Figure III-1ll1 shows the calculated value of the Reynolds
number at the edge of the boundary layer at the window
location. As can be seen, the value remains below the value
required for boundary layer transition (0.5x10°%)except at an
altitude of 100,000 feet where Res'w remains almost constant
at a value of 1.5x10°. Thus, on the basis of this Reynolds

number of transition, the boundary layer over the window is
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turbulent at a flight altitude of 100,000 feet for all of the
flight Mach numbers considered.

One other fact is of interest and should be pointed out.
The expression for the pressufe at the edge of the boundary
layer on the blunt swept wing (Eq. (III-15)) is a function
of thé wall temperature of the vehicle, Tw‘ Calculations
were made for a range of Tw from 0° F to 2000o F. and it was
found that this temperature only affected the conditioné at
the edge of the boundary layer by a very small percentage.
In fact, the scales to which the results are plotted in Figure

III-10 will not permit ‘the difference to be seen.

CONCLUSIONS

In this part of the report, methods have been presented
‘which allow approximate calculations to be made of the flow
fields between the edge of the boundary layer and the shock
wave on a blunt cone at small angles of attack and a blunt
swept wing at angle of attack. These methods will yield suf-
ficient information to calculate the quantities to be con-~

sidered in the following parts of the report.

| The type of boundary layer over the camera window, that
is, laminar or turbulent, is determined on the basis of a
transition Reynolds number of 0.5 x 10° based on conditions at
the edge of the boundary layer and the length of run measured
along the surface of the vehicle. Using this Ccriterion it

was found :that for all of the altitudes and Mach numbers
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considered, the boundary layer at the window was laminar ex-

cept at 100,000 feet. Here it was turbulent on the wing and

Ll

cone at nearly all of the Mach numbers considered.
The state of aerodynamic art with respect to the calcula-
tion of hypersonic flow fields is still in its infancy. As !;

progress is made, it will be possible to improve the accuracy

of the foregoing calculation techniques.

L
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o
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APPENDIX IITA
COMPARISON OF SEVERAL METHODS FOR CALCULATING
SURFACE PRESSURE DISTRIBUTIONS ON BLUNT CONES
For calculating the surface pressure distribution on
blunt cones, several methods are available, so we must make
@ comparison of those methods with experimental data in order
to select the one most appropriate to the chosen configura-
tion and flight conditions. In all of the methods to be
considered, Newtonian impact theory is used to Predict the
surface pressures ahead of the sonic point (i.e., in the
subsonic region). Downstream of the Sonic point, (in the
Supersonic region) the following methods might be considered
(see Refs. 20 and 21);
1. Newtonian impact theory
2. Newtonian impact theory including centrifugal forces
3. Tangent-cone theory
4. Hypersonic small-disturbance theory

5. Prandtl-Meyer expansion

because of the discontinuity of the curvature, and hence of
the pressures, at the shouylder. Method 4 (hypersonic small-

disturbance theory) is not applicable because the body shape

IIT-35
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is not of the required form

m
R _ p.1 1
L_k(L) where 2_<_m_<_l

Therefore, only methods 1, 3, and 5 are applicable to the

configuration of interest here. However, as a matter of !
general interest, a comparison of all five methods has been -
made for a special pody to which all the methods are E
applicable. This comparison is shown in Figure II1-14 for "
4 free stream Mach number of 7.7. It can be seen that all
of the methods give reasonable results with the exception -
of the Prandtl-Meyer expansions which predicts excessively -
high préssure coefficients. On the basis of these results, -'3}

+he Prandtl-Meyer expansion method (method 5) will also be

.LW“

eliminated from the present analysis. Thus, W€ are left with

only two methods to choose from: Newtonian impact theory and -
the tangent-cone theory. -
According to Newtonian impact theory, each elemental !%i
mass of air loses its normal component of momentum upon -
striking the body surface from the direction of the free ?
stream. This theory results in the following expression for -
the pressure coefficient: 7
- -
cp = (:;2) pp: s = Cp_ sin® a (ITIA-1)

" 0o
-

Yt

Sthe Prandtl-Meyer pressures were actually matched at a point
which assured no discontinuity of pressure gradient. HOW=
ever, this point is very close to the sonic point.

sl
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where o is the local angle of attack of the body surface

and Cp is the stagnation pressure coefficient. Since the
s
shock wave in the vicinity of the stagnation point is a

normal shock wave (a0 = 900), Cp is obtained from the normal
' s
shock relations. In fact, it can be shown from these shock

relations that the limiting value of Cp for very high Mach

s
numbers is given by®

) = Lrr1)/2 W’/v_ql//['zwrl)/'ZQZI /o (IT11A-2)

lim C
Moo -—00 (ps

where v is the ratio of specific heats. The variation of
cps with free—st;eam Mach number is shown in Figure III-1

for v = 1.4 and it can be seen that Cps is nearly constant
over the range of Mach numbers to be considered in the Present

investigation.

local pressuyre coefficients in this method are found from the
Taylor-Maccoll solution, graphs of which appear in Reference 22.
A direct comparison of the surface pPressures on a hemig-

pherically blunted cone of 5° half angle as calculated by

°This equation is valid only if Y 1is the same on either side
of the shock wave. However, calculations including'real-gas
effects through the shock wave indicate that the effect of
changes in + across the shock are small.
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Newtonian impact theory and by the tangent-cone theory has

indicated little difference between the two methods. (This %
is also seen in Fig. III-14.) Furthermore, a comparison of -
Newtonian theory with available experiment for hemispherically B
blunted cones of 10° and 20° half angle is shown in Figure E
ITI-15 over a range of Reynolds numbers and Mach numbers, and N
the a__greement is seen to be quite satisfactory. Therefore, -
Newtonian theory was selected for predicting the sur face -

pressures on the blunt cone for this investigation.
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Figure III-2.- Effect of cooling and roughness on boundary-layer
transition. Spherically blunted cone, M_ = 3.12. (Data of Ref. 7)
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Figure III-4.- Shock wave slope relative to blunt swept wing surface
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Figure III-5.— Gas properties at the edge of the bounda:c:)y layer (6.0 feet
behind the shouldexr) of a blunt cone (Gc = 5.0, R= 1.0 ft).
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Figure III-5.- Continued.
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Approved For Release 2000/04/12 : CIA-RDP67B00657R00Q280a48801-0




EX KL K

P X10", slugs/£t3 -

R —

mmwwmn

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001 0
5
4 ////’
- /
I/ -
/./
3 -~
L /
— —
o /
2 e
.//
- hm, ft n
- 100,000 4
1 )”,’ - =~ —-— 150,000 5
:/// — —— 200,000 6
—— — 250,000 7
0
0
4 8 12 16 20 24 28
MW
(b) Density behind shock wave

Figure III-9.~ Continued.

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

/



L. L L. ¥ ¥ E. L L_ I L | N
Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

10 ¢

(c) Pressure behind shock wave

Figure ITI-9.- Concluded.
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PART IV: 'DETERMINATION OF BOUNDARY-LAYER CHARACTERISTICS

INTRODUCTION

In the foregoing section, we calculated the shape and
location of rhe shock wave relative to the camera window and
determined conditions between the shock wave and at the outer
edge of the boundary layer. The purpose of the pPresent sec-
tion is to determine the details of the flow inside the
boundary layer, in particular, the distributions of density .
and temperature which may be important for the scattering
and luminosity calculations, and the boundary layer thickness
which we may also need for these calculations. In addition,
the details of the boundary layer are required in order to
check the assumption made in Part IIT that the air in the
boundary layer came through the normal shock wave.

The boundary-layer characteristics at the location of
the camera window depend on the entire history of the
boundary layer from the nose to the window. The temperature
at the inner edge of the boundary layer is the same as the
external skin temperature. This temperature will very from
nose to window because of variation in the aerodynamic heat-
ing rate, variations in the ability of the structure to
absorb or radiate heat, and so forth. Between the skin in
front of the window and the window itself there is, in addi-
tion, a material difference which further contributes to the

temperature difference.
Iv-1
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The implications of this difference between the skin
temperature Tw and the window outer temperature TO can be
explained with the aid of the following sketch, which illus-

trates the highly cooled case.

1.0+ 1.0 -- Té
Air flow
—_— T b :
y/% y/8 |0/ T Skin
/"W A
' N Z 2] 3

Windo&v/

There will probably be a thermal joint between window and
skin which will allow the skin to exist at one general tem-
perature level T, and the outer window at another tempera-
ture level To' These temperatures will be different because
of the difference in the ability of the skin and window to
absorb and radiate heat. By lateral conduction, the window
temperatures should be fairly uniform over the outer window
surface. At the inner edge of the boundary layer, the air
temperature changes abruptly from Tw to TO in crossing
the forward thermal joint. As the flow continues along the
window, the boundary-layer profiles change from equilibrium
profiles, corresponding to a skin temperature Tw’ to those
corresponding to To' However, for the highly cooled case
(i.e., when the stagnation temperatures are much higher than

the allowable skin temperature or window temperature), the

Iv-2
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change in boundary-layer profile is small. Thus, so long as
the window diameter is small compared with Ehe length of
boundafy layer run ahead of the window, the boundary-layer
profiles can be taken to persist over the window. (See
Refs. 1l and 2.) Therefore, tﬁe boundary—layer thickness at
the window 5w and the temperature and density profiles at
the window will'PQ taken as those just ahead of the windows.

The analysié of the>presen£ section will be concerned
only with determining the character of the boundary layer
develéped immediately ahead of the camera window and will be
inaependent bf the window‘temperature and any heat tfansfer
through the window, which subjects are treated in Part V.
The analysis of this section, however, will rely quite
heavily on the analysis of Part V, in particular Appendix VA,
for determining the boundary layer growth to the camera

window.

Iv-3
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SYMBOLS
skin friction coefficient
enthalpy ratio defined by Equation (IV-30)
flight altitude, ft
enthalpy, ft%/sec?®
total enthalpy, i + v3/2, ft%/sec?®
quantity defined by Equation (IV-17)
Mach number
static pressure, lb/ft?®
Prandtl number, taken as 0.72

parameter to account for boundary layer thinning on
three dimensional bodies, ft

radius of hemispherical nose, ft

distance along surface of vehicle in plane of symmetry
measured from stagnation point, ft

temperature, °r
velocity, ft/sec

distance measured along flat plate from leading
edge, ft

coordinate normal to vehicle surface, ft

distance defined by Equation (IV-42) and sketch pre-
ceding it, ft

boundary-layer energy thickness, ft
boundary-layer thickness, ft

dummy variable introduced by Equation (IV-12), ft
boundary-layer momentum thickness, ft

cone semiapex angle, deg
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A coordinate along vehicle 'surface measure from stagna-

tion point, ft

I viscosity, lb-sec/ft?

p . air mass dénsity, slugs/ft°>

va shear stress, lb/ft® |

Subscripts

i incompressible

1 laminar

t turbulent

w conditibns on vehicle surfaée

3] conditions at edge of boundary laver

o free stream or flight conditions
Superscripts

1" constant in Equation (IV;29)5 zero for two diﬁensional

flow, one for rotationally symmetric flow

duantities evaluated at reference enthalpy,
Equation (Iv-34)

Iv-5
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INVESTIGATION

In order to determine the boundary layer characteristics

which are required in the present investigation (physical
thickness and velocity., temperature and density distributions),
an analysis will be developed for determining the physical
thickness. All of the other quantities which are required
will be obtained in the course of the analysis. Let us first
specify certain assumptions which are made in the analysis.

These are:

1. The pressure through the boundary layer is constant

at the value at the outer edge.

2. The enthalpy through the boundary layer is a linear

function of the velocity.

3. Locally, the shapes of the profile (made dimension-

less by local thickness and conditions at the edge of the

boundary layer) are the same on the configurations being

treated as on a flat plate.

4. If the boundary layer is turbulent, it is turbulent

from the stagnation point.

5. The transformation used to convert the compressible

laminar boundary layer equations to an incompressible layer

applies to the turbulent boundary layer also.

The first assumption is that which is usually made in

boundary layer work. The second assumption is the usual

one when local conditions are to be determined. For a Prandtl

iv-6
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number of unity and zero pressure gradient it can be shown
that the enthalpy indeed is a linear function of the vélocify.
Fo? air at room temperature the Prandtl number is’not unity
bu£ is 0.72. It has been shown by various.inVestigators,
however, that this change in Prandtl number does not change
certain boundary layer duantities, such as skin friction,
ratio of displacement thickness to momentum thickness, etc.,
by a large percentage (see for example Refs; 3, 4 and 5).

At the higher temperatures encountered in the present work,
the Prandtl number does not depart from 0.72 by a large
"percentage. Hence, the assumption of a Prandtl number of
unity should not affect the high temperature-results-much
ﬁore 8ignificantly than the low temperature results. The
third assumption is consistent with the method developed in
‘Part V of this report for determining the surface temperature
of the wvehicle which will be used in thisjpért. The fourth
assumption is made sihce it simplifies the énalysis and giveé
a conservative estimate of the thickness (a iarger thickﬁess
than would occur if transition occurred back 6n.£he vehicle),
-Whereas there is not a great deal of information available

to justify the.fifth assumption, there is some‘information
(Réf. 4 for example) which indicates good agreemént betwéén

experiment and theories utilizing this approach.

v-7
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The approach used in determining the boundary layer

thickness can be considered in three steps. According to é
assumption three we are assuming that the ratio of boundary -
layer momentum thickness to boundary layer thickness for our -
hypersonic configurations can be simply related to that for ;
a flat plate with a compressible boundary layer and real gas
effects. Thus the first step is to derive the flat plate é
relationships. The second step is to evaluate the boundary -
layer momentum thickness on the configurations being studied -
in this report using the method of Part V. Then using the -;
first and second steps we obtain the boundary layer thickness w
on the example hypersonic configurations as the final step. ﬂ
The boundary layer profiles come out as a by-product of the -
calculative process. =
Derivation of Basic Equations for a Flat Plate -
By definition the local skin-friction coefficient for a %
compressible boundary laver is related to the shearing étress i
T as follows: :
= T -
cg = (1/2)‘36-\;62 (Iv-1) z
where the subscript ©® indicates conditions at the edge of %
the boundary layer as determined by the methods of Part III. k
Let us now define an incompressible boundary layer at an ' ' i

undetermined temperature T' and density p' which are

iv-8
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stress T, velocity V5. and uniform pressure through the

boundary.layer‘ Pg as the compressible boundary layer.
. v )

(1/2pvy2

c.' =

£ (IV-2)

These two;skin-friction coefficients are, therefore, related
by the ratio of the densities.

£ _p £ -
5 b 2 (IV-3)

From Reference 3, the laminar and turbulent skin- -friction .
coeffic1ents on a flaL plate with zero pressure gradlent in

incompre551ble flow are given by

C ' —1/2
L 0.332 (—L VSX)
, 2 Myt 4
and | | - S (Tv-4)
' c,. ' ~1/5 '

£ P ' Vax

LS. 0.0289(t ,5>

2 He o/

where the subscripts 1 and t indicate laminar end turbulent
respectively.; By combining Equations (IVv-3) and (IV-4), the

compress1ble skin friction coefficients are

5o Pt “1 P5V /=
5 = 0.332

f P W Vx5
—~=00289(t><tp5> <p55>
2 uﬁpt

Iv-9

(Iv-5)
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The von Karman momentum equation reduces to the follow-
ing expression for flow on a flat plate with zero pressure

gradient

= = (IV-6)

where 6 is the momentum thickness. Therefore, by combining
Equations (IV-5) and (IV-6) and integrating. the following
expressions are obtained for the laminar and turbulent

momentum thicknesses on a flat plate of uniform temperature

1/ 2

P s 2 -
(Pl by > (96V6> vz
PeHs Hs
P, \/HLP
6 0.0361< £ X L2 5> ( )
t Ps /\HgPy

The momentum thickness of a laminar incompressible boundary

©
il
o
o
om
N

(Iv-7)

layer on a flat plate at temperature Tg and density Pg

is from Reference 4

-1/2 '
p \Y
6. = 0.664 (\6 6) x1/2 (IV-8)
ui o)

and that for the turbulent layer from the same reference 1is

pv "1/5

g. = 0.0361 <79—9 x4/3 (IV-9)
T He

Iv-10
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The compressible boundary layer momentum thickness ban,

therefore, be expressed in terms of the incompressible

6. = (flgulﬂ>l/2 6
1 PgHg / i,

He P
o - (2 (b
Hg Py ¢ )

Even though these relationshlps have been developed for a

thickness.

(TV=10) .

flat plate, they become more general if assumption three is
employed.
By definition the momentum thickness of a compressible

bbundary layer is given by the following-integral expression.
6 = j —BY_ - L C (Iv-11)

Let us now make the following substitution

N o
f . f —9— dy_ (IV-12)

o)
énd agsume the nondimensional velocity v/V5 ‘is‘a function
of 'r]/'r]5 only. chapman and Rubesin (Ref. 6) make this
assumbtion for an ideal gas. The quantity n can be con-
sidered as a distance normal to the plate which is a dis-
tortion of the actual y distance. The distortlon i1s made

N

in such a way that the velocity profile on a nondimensional

Iv-11
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basis with the density profile resulting from compressible
flow and real gas effects is the same as the velocity profile
for a reference incompressible boundary layer. It is con-
venient to think of 71 as a simple distortion to the vy

scale. Therefore

1 g

= L v s -

! j ¥ ( V5> an (Iv-13)
o

The momentum thickness of an incompressible boundary layer

of thickness Mg is defined as

5
8. =j A ( - L) an (IV-14)
i)Y Vg

so that the compressible momentum thickness can be written as

9.
6 = -mi (IV-15)

For the laminar and turbulent boundary layers this expression

is \
ei
g, = —t
1 m,
> (Iv-16)
i
6, = ETE
t J

A comparison of Equations (IV-10) and (IV-16) gives

f a2
1 =<_"_1_i‘1_>
m Psks

1 _C" )(“ Pa)
me  \P LgPy

Iv-12

)

—

S (1v-17)
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as the values of the constants relating the compressible

v'boundary layer momentum thickness to the ihcompressible

boundary layer momentum thickness which has the same
properties as those at the edge of the compressible lavyer.

Let us now determine the ratio of the incompressible

momentum thickness to the incompressible physical thickness -

on a flat plate, that is, the ratio of 6, to mng. Todo
this we must treat the laminar and turbulent cases separately.

For the case.of the laminar boundary layer we will ..

) assume a Blasius velocity profile (Ref} 4) . The results

of a numerical solution of the Blasius equation for flow dn
a flat plate are'presented on page 107 of Reference 4 and.
those which we shall require are presented in Table IV-1 at
thé end of this parﬁvof the present report. In the'Biasius"‘
velocity profile the velocity approaches the velocity at

the edge of the boundary layer asymptotically. Consequently,

‘we shall define the physical thickness Mg as being thé-l

distance outward at which the local velocity in the boundary
layer has reached 99 percent of the‘velocity at the edge of

the boundary layer. Therefore, from Table IV-1 we find on a

flat plate that

[

Mg

-1/2

PaVa\ * _
5.0 <T§_é> x1/2 . . (1V-18)
1 _

He

Iv-13
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and by combining Equation (IV-8) with this result we find

1 _ 0.664
1 5.0
61

= 0.133 (Iv-19)

In the case of the turbulent boundary layer we shall
assume that the velocity in the boundary layer varies as
some power of the distance ocutward through the boundary
layer. Consistent with the skin friction relationship of
Equation (IV-5) this can be written

1/7
L= (8 (Iv-20)

Vs \Ts,
for the velocity distribution through the boundary layer on
a flat plate. An integration of Equation (IV-14) using this
distribution gives the following value 0of the ratio of the
momentum thickness to physical thickness (Ref. 4) for a flat

plate

t - L

o 55 = 0.0972 (Iv-21)

Equation (IV-19) and (IVv-21) can now be combined with
Equation (IV-16) to give the thicknesses in terms of the

momentum thicknesses of the compressible boundary layers

_™%
"61 0.133
t
T] 3
Bt 0.0972
where m, and m, are given by Equation (IV-17).
1v-14
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Momentum Thickness on Hypersonic configurations
To determine the compressible momentum thickness we
shall make use of the analysis of Appendix VA of Part V of

the present report. The method presented there will allow

“us to calculate the momentum thickness on the configurations

of interest in this study (Part II) whereas Equation (IV-7)

of this part is for a flat plate. This implies the assump-

tion that the ratio of 6 to Mg ©n the three dimensional

configurafions we are treating is the same as on a flat plate.
Equatlon (VA-32) defines the following integral expres-

sion for the energy thickness of the boundary layer.

pv (16 - 1) |
M= f ay (IV-23)
PgVs (I ~ IW)

where I 1is the total enthalpy.

v2
I =i+ 5 (Iv-24)

Let us now make ﬁhe assumption that locally the total enthalpy

is a linear function of the velocity.

V2
I=i+—§—=Av+B’ (Iv-25)
Therefore
Il = i + Vaz = A + B ) 1
5 = 15 5~ = AVg
and h B (IV-26)
— o _
Iw = lw + > B ‘
Iv-15
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By substituting Equations (Iv-25) and (IV-26) into (Iv-23)
6

(Av 5+B-AV-B)
- pv v _
i erav AV 5+B-B) dy = PsVs (; - vg) ay (Tv-27)
o]

A comparison of this expression with Equation (Iv-11), the

definition of momentum thickness, shows that

Therefore, Equations (VA-56) and (VA-57) can be used to

determine the laminar and turbulent momentum thicknesses.

2 \

0.332 {p, /pg) £, }pgvs aa

s
62= 1 f}i
1 (rOLPBVB)e J (Pr)E/s(pl v /u .)1/2 1/2)1/7 1/2
5/4 >(IV;29)

[ 0.0296 (pt‘/pe) f r 1p6V a\
(r 1p5v )57_ (Pr)e/s(Pt Va/ut.)l/s 4/5)17" 475)

95/4

The functions f1 and f are

t
, / \
. - ig + (pPr)t/2 (v62/2) - I,
L ig + (Vg%/2) - 1
> (1v-30)
. /
. - ig + (Pr) /2 (v62/2) - I,
t ig + (v52/2) - I,

/

Boundary Layer Thickness on Hypersonic Configurations
This determination of the momentum thickness will allow
us to evaluate Mg and Mg given by Equation (IV-22).
1 t

To determine the actual physical thickness we must go back to

Iv-16
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Equation (Iv-12) , the substitution made earlier. A reversal

of this substitution gives

N5
Y
1 my p
o) o
(TVv-31)
n
= — an
t m P
fa)

These expressions are then evaluated taking into account real
gas effects by making use of the specified velocity profilé
and the assumption that the total enthalpy is a linear func-
tion of the veldcity. This method of evaluation will be

described in detail in the next section.

Calculative Method
The preceding section has presented a derivation of the

basic equations needed to determine the boundary layer char-

'.acteristics required in the present study. It is the purpose

Qf‘this section to outline the calculative method which will
produce the desired quantities.

In order to proceed with the calcuiation we must first
specify the configuration (i.e. blunt cone or blunt swept

wing), the point on the Vehicle at which the boundary layer

characteristics are to be determined (the camera window for

this investigation), and the flight conditions of the vehicle

(i.e..flight altitude and flight Mach number).

Iv-17
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The first step in the calculation is to use the methods
pPresented in Part III to determine the conditions at the
edge of the boundary layer ( Pgr Vg Pg. and Tg ) as a
function of distance along the surface of the vehicle, A,
from the stagnation point. Next, the method of Part III is
used to determine whether the boundary layer over the camera

window is laminar or turbulent.

Calculation of Momentum Thickness.-

This information having been determined allows us to
select the correct equation of Equations (IV-29) for the
calculation of the boundary layer momentum thickness at the

camera window. These equations at this point are

1
(6,%) =
1 1 2
S., (ro Pﬁva)s }
) ,
s 2°
[w~ 0.332 (p,'/pg) £,r lpgvs an !
LB 2 (p) ve/uy ) 2(12) 2 | 172 .
5(Iv-32)
1 M
@4 = ;
: 75 |
8, (r01p5v5)5 * i
" |
s . 1 5/ ;
W _0-029 (p.'/pg) £iry pgVs gy

L(Pr)e/a(ptlvﬁ/ut')1/5(4/5)l/?J 4/5

o]

Iv-18
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The quantity ahead of the integral sign is evaluated at the
camera window, and the integral itself is integrated
graphically from the étagnation point to the window. The
parameter rot takes into account the thinning of the
boundary layer caused by the expanding body. On the cone
“the exponent 1 4is 1.0 and on the wing it is zero since in
Part V the flow along the centerline of the wing is treatéd

as two dimensional. On the blunt cone ry is (as can be

seen from the following sketch)

Camera window

,(Iv-33)

' [ <9o°-ec> 9o°-ec>
ro R cos Gc + ‘;A-R 573 sin GC, 7\ZR <—'§-7-.-§—-

On the blunt swept wing ry equals 1.0.
The quantities in Equation (IV-32) which remain to be
specified are those with a prime for a superscript and the

functions fl and ft' These require a knowledge of the
IV-19
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variation in surface temperature, Tw, with distance A.
This is determined by the method of Part V. With this tem-
perature and the variation of the local pressure at the
edge of the boundary layer., pg. with A, the wall enthalpy
variation with A can be found. The pressure through the
boundary layer is assumed constant so that each combination
of Pg and :Tw determine a point on a chart of the thermo-
dynamic properties of equilibrium air (Ref. 7 or 8) and the
wall enthalpy. i_. (1, = 1, since V= 0) can be read.
In a similar manner Pg and T determine a point and iﬁ
can be read. Consequently, fl or ft (Equation (IV-30))
can be found as a function of .

The reference guantities p' and p' can be found,
".as a function of A, from the reference éhthalpy i', and
the pressure Ppg at the edge of the boundary lafer with the

help of the thermodynamic chart. The reference enthalpies

for the laminar and turbuient cases are (References 9 and 10)

N : y VBE )
. 1 Ab . . 1/ =z .
11 = 0.23 ig + 0.19 ig + Pr (\2_> + 0.58 i,

‘and ) \ (IV-34)
2.1
v

$t = . : 1/3 i .
it = 0.36 ig + 0.19 ig + Pr ( > >+ 0.45 i,

The viscosity u' 1is a function of the reference temperature T'

(r) %2

- -8
¥ 2.27x10 T + 202)

(Iv-35)

Iv-20
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Calculation of . Mg -

After the graphieal integ:ation, 8 is known and we
are ready to determine Ng from Equation (I§-22). For this
purpose the value of m giVenrby Equation (IV—17) is re-
quired. The values of p', u', Ps and ua are_those at

the camera window. All of these quahtities were determined
in the calculation of the momentum thlckness, 6, except
for g - This quantity is

(TS)S/z

= —8 -
Mg 2.27x10 '.(TB T 202)

Calculation of Boundary Layer Thlckness and Boundary Layer
Profiles.-

Equation (IV-31l) can now be evaluated'to determine the
actual physical thickness of the boundary layer_at the camera

window. 1In the process of doing this, we shall aleo obtain

p and T as a function of (U/ﬂg)- The values of p and T

will then be known as funetions of (y/8), in which form
they are the density and temperature profiles within the
boundary layer at the camera window.

Let us rewrite Equation (IV-31) in the following form

to determine the boundary layer thickness

ﬂg P5 1
nﬁtpﬁ . . (IV-37)
5, = Ly (v
O
Iv-21
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The guantities ahead of the integral have been determined
previously so that all that remains to be determined is the
density profile as a function of n/qa. This profile can
be found if we can specify two of the gas properties
variations through the boundary layer as a function of

n/ns. Then with the aid of a chart of the thermodynamic
properties of air in chemical equilibrium (Ref. 7 or 8),

the values of p as a function of n/n6 and also T can
be determined. The first gas property which is specified

is the pressure. Since we have assumed the pressure through

the boundary layer to be constant, we have
p = £(n/ng) = Py (1v-38)

The second quantity which is determined as a function of
(n/ns) is the enthalpy, i. The assumption has been made

that the total enthalpy is a linear function of the velocity

I =4+

v2
> = AV + B (TVv-39)

The two boundary conditions are that at the wall
n=0,Vv=0andlI-= Iw =i,

and at the edge of the boundary layer

Iv-22
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By imposing these boundary conditions we find that

and

2 Ve Z
_ AR Vi _ 6 _
I=1+ 2 V6 15 e T 2‘>.+ Ly
and
Ve 2 ) .
Lo N e o \% \Y X a0y
J.—V6 (J_6 lw) 5 = 2>+ i (Iv-40)
6]

The local enthalpy has now been expressed in terms of known
enthalpies, the veloéity at the edge of the boundary layer.
and the local velocity. When Equation (IV-12) was introduced,
it waé assumed that the velocity was a function of n/ Mg
only. In fact the Blasius distribution of Table (IVv-1) was
assumed for the lamlnar boundary layer and the profile of
Equation (IV—20) was assumed for the turbulent boundary layer.'
Hence, V/Vg is xnown as a function of nW/ng and, therefore,
the enthalpy variation of Equation (Tv-40) is known. Thus,

we have the local pressure., Dy (Eq- (Iv-38)) and the local

enthalpy. 1, (EQ. (Iv-40)) variations and with the aid of

Reference 7 or 8 the corresponding variations of density. p.

and temperature, T, can be found. Equation (IV-37) can now
Iv-23
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be integrated graphically to determine the boundary layer
thickness, B&.

The density, P: ‘temperature, T, and velocity, v,
are now known as a function of q/na. They must now be
specified as functions of y/6. Consequently, the relation-
ship between n/nﬁ and y/0 must be established. This
can be done from Equation (Iv-31). From this equation the

following expressions can be written

-1 P
dy = - b dn
Therefore
/1
- fols tBld(n/ )
Y= h P s
o)
and
1
Pgn 1
Ll
o
By dividing we find
n/ﬂa
Jr % d (n/ﬂ5)

(Iv-41)

so that y/0 can be evaluated as a function of n/ns. Thus

we have p, T, and V as functions of vy/b.

Iv-24
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Calculation of Boundary Layer Mass Flow. -

One other quantity of interest is the mass flow in the
boﬁndafy layer. Tﬁié is of interest-in order to check the
assumption of Part III that the air in the boundary layer’”
all came through a normal shock wave . Consider the following

sketch.

Y PV

Boundary léyer

Camera window

Shock wave

The free stream-air ahead of the shock wave is at constant
density and velocity and the boundary layer air at the camera
window is at varying density and velocity as was just deter-
mined. If the mass flow in the boundary layer at the window is
equated to the mass flow in a free-stream stream tube of width Y,

we obtain the following two relationships.-

Iv-25
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For the three dimensional cone

g |
TY®p V. =2mR, f p VvV dy (IV-42)
° i
and for the two-dimensional wing =
: -
Yp,V, = f p VvV dy (IV-43)
) -

The solution of these equations for Y will give the stream tube

size ahead of the shock wave which has the same mass flow as the

boundary layer at the camera window.

In order for the assumption to be valid that the air at the
edge of the boundary layer undergoes a normal shock, Y must be
small compared to the nose radius of the vehicle, R. For a

shock wave of the same radius of curvature as the vehicle nose,

the shock wave angle at Y is (see Part III)

=1
90° - € = sin -

For a value of Y of 0.15 R where R = 1.0 ft.

T 81.4 deg.

m
1]

RESULTS AND DISCUSSION

A method has been presented in this part of the report
for determining the following boundary-layer characteristics:

l. Thickness

2. Velocity profile

3. Temperature profile

Iv-26
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4. Density pfofile.
5. Mass flow

Tﬁe luminosity calculations which will be made for Part VI of
this report require the thickness'and temberature and density
profiles in the boundary layer. Thé optical resolution studies
of Part VII will require the density profile and thé thickneés.
The assumption has‘been made in the analysis of Parts IIi and V
that the air in the boundary layer at the camera window came
through the normal part of the shock wave ahead of the vehicle.
To check this assumption the mass flow in the boundary layer
is required. N

Appendix IVA and Figufes IV-1 and IV-2 present a sample
calculation of the above quantities in order té illustrate the
calculative procedure outlined in the preceding section. The
results of the calculations made for the two configurations and
the flight conditions outlined in Part II are preéented in
Figures IV-3 through IV-8. All of the calculations have been
made assuming the boundary layer to be laminar. In Part III it
was found that at all altitudes except 100,000 feet this was
certainly the case. Based on the transition criterion uséd in
Part III, the camera window was quite close to the transition
point at 100,000 feet.

Figures Iv-3 aﬁd IV-4 present the density and temperature
profiles at the camera window dalculated'for the hemispherically

blunted cone. Figures IV-5 and IV-6 show the results of the

Iv-27
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same calculations made for the blunt swept wing configuration.
The calculations for both vehicles exhibit the same charac-
teristics. At the lower Mach numbers and altitudes, the density
has a minimum and the temperature has a maximum at the middle

of the boundary layer. For most of the Mach-number-altitude
regime, the boundary layer remains at essentially constant
density and temperature for about 80 percent of the distance
from the outside of the boundary layer (y/6 = 1.0) to the

wall (y/6 = 0.0) with most of the change taking place right
near the wall.

The actual density and temperature profiles, rather than
the dimensionless ones, can be obtained by using the values of
Ps and Ts calculated in Part III.

Figure IV-7 presents the results of the boundary layer
thickness, &, <calculations. In these plots & has been
divided by the shock wave standoff distance, A, which was
found in Part III. As can be seen, at an altitude of 250,000
feet boundary layer thicknesses occur equal to or greater than
the shock wave standoff distances. This indicates that the
assumption in Part III that the boundary layer is thin compared
to the shock standoff distance is no longer valid. The air at
250,000 feet is so thin that low density effects are important
and modification of the methods presented for computing the flow
field is. indicated. The first modification is that the shock

standoff distance should now be measured from the displacement
Iv-28
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thickness of the boundary layer rather than from the vehicle
surface.

‘Another assumption made in Part III and in this part of
the report is that all of the air in the:boundary layér'Came
through a nearly normal shock wave. The calculations shown in
Figure IV-8 were made to check this assumption. In this figure
the radius, Y, of the free-stream stream tube which has the
same mass flow as that in the boundary layer at the camera

window is plotted. If Y is compared to the radius of curva-

- ture of the shock wave at the nose of the vehicle, the previously

mentioned assumption can be checked. Near the stagnation point
it does not appear too unreasonable to assume that the shock wave
radius of curvature is twice that of the nose as shown in the

following sketch

. Shock wave

Then at point A the shock wave slope € 1is

= _ gin-1 X o}
€ = sin SR + 90

For the worst case shown in Figure IV-8, Y is approximately

0.8 feet. Therefore, the shock wave slope corresponding to

Iv-29
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this Y is about 66.5°. Hence, at the highest altitude,
250,000 feet, the assumption is beginning to be contradicted.
Because of this, the results to be presented for this altitude
are probably not as good as for the lower altitudes. The accu-
racy of the solution can be increased by iterating the present

calculation taking into account the obliquity of the bow wave.
CONCLUSIONS

In this part of the present report, a method is developed,
which utilizes the analysis presented in Part V, for determining
the boundary layer characteristics (thickness: velocity, tem-
perature and density profiles; and mass flow) of the configura-
tions of Part II. A sample calculation is presented in
Appendix IVA.

The results of the thickness and mass flow calculations
can be used to check some of the assumptions made in the flow
field computations of the present report, Parts III, IV, and V,
for the configurations and flight conditions of Part II. These
results indicate the following:

1. The assumption of a boundary layer which is thin

compared to the shock wave standoff distance is
quite good to altitudes of 200,000 feet.

2. The assumption that all of the air in the boundary

layer came through a nearly normal shock wave is
also valid to a 200,000-foot altitude but above

this begins to break down.

Iv-30
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In summary, it appears that the methods presented in
Parts III, IV and V for determining the flow fields surround-
ing the vehicles of Part II can be used with a fair degree of

confidence up to altitudes of 200,000 feet.

Iv-31
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APPENDIX IVA

NUMERICAL EXAMPLE OF THE DETERMINATION OF THE
BOUNDARY LAYER CHARACTERISTICS

As a numerical example illustrating the calculative
method of this part of the report, let us select the same
flight conditions and configuration as were used in £he cal-
culative example of Appendix VC. This is done since we will
have need for the results of that example. The conditions
are:

1. Configuration - blunt cone (Fig. II-1l(a))

2. Mach number - M_= 16

3. Altitude - h = 200,000 ft

4. Boundary layer type - laminar

5. Free-stream conditions from Reference 11

Temperature - T, = 449° R

Pressure - p_ = 4.7151 X 107t 1b/ft?
Density - p_ = 6.1180 x 10 * slugs/ft®
Speed of sound - a_ = 1038.7 ft/sec

The first guantity to be calculated is the boundary
layer momentum thickness at the camera window 6l which
is given by Equation (IV-32). This involves a numerical

integration from the stagnation point {A = 0) to the window

(A = Sw).
(90 - 6_)
= RS
Se 57.3 + Ly (IVA-1)
= 7.484 ft

where L, is the distance along the surface from the shoulder

to the window (6 ft).
Iv-32
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Let us now evaluate the quantity ahead of the'integral
sign. The exponent of r, ig 1.0 for the blunt cone so that
at the window Equation (IV-33) gives

r = 1.52 ft
o

By combining this with Ps and Ve at the window from

Figure III-5 of Part III we have

1 2 _ 10"8
<ro psVs)~ = 8.410 x 10 (TVA-2)

To evaluate the integral and the & conditions (those at
the edge of the vehicle), the methods of Part III are used.
The primed quantities are evaluated by determining the refer-
ence enthalpy il‘, (Eg. (IV-34)), as a function of A. The
Tw variation, shown in Figure V-2, and the pressure at the
edge of the boundary laver, Ps, are used to determine iw.

If Tw and ps are known, iw can be read from a thermody-

namic chart for air (Ref. 7 or 8). The viscosity, Ml" is
calculated as a function of A using Equation (IVv-35). The
quantities i.Ln and Pg and either Reference 7 or 8 are

1

used to determine T,'. The guantities £ and r are

l 1 o
found usin% Eéuations {Iv-30) and (IV-33). The evaluation
of Equation (IV;32) using these quantities gives the follow-
ing momentum thickness
| 91 = 0.0688 ft (Iva-3)
The next quantity to be determined is the thickness Mg+

Equation (IV-22) gives this quantity. The parameter m, is

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0
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found by evaluating Equation (IV-17) at the camera window.

At this point

' = 2.015 X 10~ 7 slugs/ft3

O
-
]

hy = 158.63 x 1078 1b-sec/ft?
Pg = 1.610 x 1077 slugs/ft®
kg = 1.556 X 10°° lp-sec/ft?

and

m 0.8842 (IVA-4)

1
Substituting the values of Equations {IVvA-3) and (IVA-4) into
Equation (Iv-22) |

N, = 0.4574 ft (IVA-5)

1
Let us now find the boundary layer thickness 6l of Equa-
tion (IV—37). The quantity ahead of the integral is, from

the previously calculated quantities

s, Ps
——i;—* = 0.8313 x 1077 (IVA-6)
1
To evaluate the integral, the density profile through the

boundary layer is required. This is found by determining two

of the gas property profiles as a function of n/’q6 and using

the thermodynamic charts (Ref. 7 or 8). The first property,
which we know, 1s the pressure which is constant at Ps
(Fig. III-S)

P; = 1.6 1b/ft2

Iv-34
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The second property is the enthalpy, i, given by Equation
(IV-40) . Everything in this equation is known. The gquanti-
ties 15' iw and Vé have been determined previously.
Since we have assumed a Blasius profile for the laminar

boundary layer, V/V can be determined as a function of

&
n/n(5 from Table IV-1. Thus, i is found as a function of
n/né. From one of the thermodynamic charts (Ref. 7 or 8),
p and T can be found as a function of n/mg- The thick-
ness éi can how be determined by integrating 1/p from

n/vq(5 = 0 to n/né = 1. The value of this integral and Equa-

tion (IVA-6) yield 61

61 = 0.4610 ft (IVA-7)

For use in the other sections of this report, we need to
express the velocity, temperature and density profilés in
terms of v/5 not n/ﬁé. The relationship between n/n(5 and
y/6 is given by Equation (IV-41). The results of this inte-

gration are shown in Figuré (IV—l).z The density, temperature,

- and velocity profile as functions of y/d are shown in

Figure (IV#E’.

"The.stréam tube thiékness, ¥, is found from Equétion
(IV—42) by numerically integrating the product of the density
and velocity from the wall to the.edge of the boundary layer;
Doing this we find

Y = 0.443 ft.

1V-35
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TABLE (IV-1).- BLASIUS LAMINAR BOUNDARY LAYER PROFILE
ALONG A FLAT PLATE AT ZERO INCIDENCE

: 1/ e
<TV5P§> n v
b T s
0 0 0
0.2 0.04 0.066
0.4 0.08 0.133
0.6 0.12 ' 0.199
0.8 0.lo6 0.265
1.0 0.20 0.330
1.2 0.24 0.394
1.4 0.28 0.456
1.6 0.32 0.517
1.8 0.36 0.575
2.0 0.40 0.630
2.2 0.44 0.681
2.4 0.48 0.729
2.6 0.52 0.772
2.8 0.56 0.812
3.0 0.60 0.846
3.2 0.64 0.876
3.4 0.68 0.902
3.6 0.72 0.923
3.8 0.76 0.941
4.0 0.80 0.956
4.2 0.84 0.967
4.4 0.88 ' 0.976
4.6 0.92 0.983
4.8 0.96 0.988
5.0 1.00 0.992
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Figure IV-1l.- Relationship between vy/6 and n/né from Equation (Iv-41)
for the numerical example of Appendix IVA.
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Figure IV-2.- Boundary-layer profiles of numerical example of Appendix IVA.
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(b) Density and temperature profiles.

Figure IV-2.- Concluded.
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Figure IV-3.- Laminar boundary layer density profiles at t%e caTeraowigd?w on the hemi-
spherically blunted cone (LW = 6.0 ft., ec =5, R=1. ) I

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



[ § K L [ § L L L K E | I 1 L. | .
Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

[ ]

1.0
8 /
.6
Y
5
.4
M =_5.0
0
8.0
.2 \»//”ﬁj/;;j
11.0
0 \
5 . 1.0 1.5 2.0 2.5 3.0
PP

(b) h = 150,000 ft.

Figure IV-3.- Continued.

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



i

B B RBBoEEFoMEIealE 2008641 27E 1A BBPe 5065 TR00080070801-0
1.0
.8
.6
Y
o]
.4
M = 7.0
A\
10.0
2 \ v i
_16.0 g
g_
0
¢} 1.0 2.0 3.0 4.0 5.0
P/P5
(¢) h
Figure IV-3.- Continued.
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Figure IV-3.- Concluded.
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Figure IV-4.- Laminar boundary layer temperature profiles at the camera window on the
hemispherically blunted cone (L, = 6.0 ft., 6_ = 59, R = 1.0 ft.).
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(b) hco = 150,000 ft.

Figure IV-4.- Continued.
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Figure IV-4.- Continued.
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Figure IV-4.- Concluded.
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(a) h = 100,000 ft.

Figure IV-5.- Laminar boundary layer density profileg at the gamera window location on
the blunt swept wing (I, = 6.0 ft., A =70° q =20° R =1.0 ft.).
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Figure IV-5.- Continued
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Figure IV-5.- Continued.
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Figure IV-5.- Concluded.
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(a) h = 100,000 ft.

Figure IV-6.- Laminar boundary layer temperature profiles at the camera window location on
the blunt swept wing (L, = 6.0 ft., A = 70°, a = 20°, R = 1.0 ft.).
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(b) h_ = 150,000 ft.
Figure IV-6.- Continued.
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Figure IV-6.- Continued.
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Figure IV-6.- Concluded.
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(a) Hemispherically blunted cone

Figure IV-7.- Ratio of boundary layer thickness

(e, = 5°, R = 1.0 ft., Ly = 6.0 ft.).
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Figure IV-8.- Free-stream stream tube radius with the same mass flow as the boundary
layer at the camera window.
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Figure IV-8.- Concluded.
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PART Vzl fHERMAL-CHARAC?LRISTICS OF THE CAMERA WINDOW
INTRODUCTION
The thermal conditions of a camera window mounted in the
lower portion of a blunt cone or a thick blunt wing at hypersonic
speeds will be investigated to determine the effects of aerody-
nemic heating on aerial photography. There are two main prob-

lems concerning aerodynamic heating of the camera window: (1) the

- temperature level may become high enough to structurally weaken

the window material or the temperature differential through the
window may create stresses large enough to fracture the material;
(2) the thermal stresses cause distortion of the window which re-
sults in refraction errors and loss of resolution. The thermal
gradients are a result of aerodynamic heating onithe outside of
the window while much cooler temperatures exist within the camera
cavity on the inside of the window. The camera cavity must be
maiﬁtained within certain temperatiure limits because of film ahd'
camera considerations. |

This part of the investigation is concerned with determinihg
the temperatures on the inner and outer surfaces of the camera
window for the two configurations at various combinations of alti--
tude and Mach number. In the determination of these temperatures,
the heat-transfer rate from the boundary layer air to the outer
surfaee of the window and the heating rate through the window to
the camera cavity are both determined. The anaiysis is developed

in such a manner that the heat-transfer rates may be determined for

v-1
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either a laminar or turbulent boundary layer. A combined laminar-

turbulent boundary layer can be treated as well, using the assump-

tion that the energy integral (see Appendix VA) is constant at

transition.

The analysis of the convective heating rate from the boundary

layer to the wall of blunt-nosed vehicles is considerably more dif-

ficult than for sharp-nosed vehicles, such as the sharp cones inves- %
tigated in Phase I of this program (Ref. 1l). 1In order to determine j
the thermal characteristics of the camera window for this study, a %
method was derived by M. W. Rubesin of Vidya whereby the convective '
heat-transfer rate may be calculated for blunt bodies including 3
real-gas effects by the use of the reference enthalpy method for g
either laminar or turbulent boundary layers. This derivation is |
given in Appendix VA. The method applies to blunt bodies of revo- g

lution at zero angle of attack or to two-dimensional blunt wings at

any angle of attack. It assumes that the enthalpy variation along
the surface of the body is small compared to the stagnation enthalpy.
The solution of this problem involves an iterative integration pro-

cess and graphical solutions of simultaneous eguations. An illus-

<l il

trative example of a solution by this method is given in Appendix

vC.
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SYMBOLS

point of tangency of nose and straight portion of body

iépeed of sound, ft/sec

constant defined by Equation (V-7), 0.332 for laminar :
flow and 0.0296 for turbulent flow

pressure coefficient,‘cp - pm)/(%pmvm%>

specific heat at constant pressure

point on body at front edge of camera window

enthalpy ratio, defined in Egquation (V-12)
gravitational acceleration, 32.2 ft/sec?®

heat-transfer coefficient of camera cavity, BTU/ftZ—hr—OR

enthalpy, BTU/1b

mechanical equivalent of heat, 778 ft-1b/BTU

thermal conductivity of camera window material,
BTU/hr~ft-"F

Prandtl number, taken as 0.72

static pressure, lb/ftZ

convective heat-transfer rate, BTU/ftZ-hr

radiation heat-tranéfer rate, BTU/ft®-hr

radius of hemispherical nose or wing leading edge, ft

recovery factor (Pr]f2 for laminar flows; Pr:‘/a for
turbulent flow) :

radius of cross section, £t

distance measured along surface of wing or body in plane
of symmetry from stagnation point, ft

location of stagnation point
temperature, OR

thickness of camera window, ft

V-3
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velocity, ft/sec

coordinate normal to window surface
compressibility factor, p/pRT

local angle of attack of surface, deg

emissivity, taken as 0.80 for wall and 0.93 for camera
window

coefficient of viscosity ratio to correct for dissocia-
tion of air

cone semiapex angle, deg

viscosity, lb-sec/ft?

air mass density, slugs/ft3

Stefan-Boltzmann constant, 0.173 x 10 @ BTU/ft®-deg*-hr
transmissivity of camera window material (taken as zero)

angle between centerline of body and radial line to
specified locations on surface of nose, deg

Subscripts
conditions inside cavity
inner surface of window
laminar flow
outer surface of window
recovery
stagnation
turbulent
wall condition
outer edge of boundary layer

free-stream conditions

v-4
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Superscripts'

[ constant defined by Equation (V—7), (0 for two- dlmenSLOnal
flow, 1 for rotationally symmetric flow) '

m constant defined by Eguation (V-7), (0.5 for laminar flow,
‘ 0.2 for turbulent flow) :

n constant defined by Equétion (v—7); (2 for laminar flow,
~1.25 for turbulent flow)

u constant defined by Equation (V-7), (1 for laminar flow,
0.25 for turbulent flow)

' primed quantities refer to a reference condition
INVESTIGATION
In order to determine the temperatures of the inner and outer
surfaces of the camera window, a heat balance will be set up for £hé

regions surrounding the window. A sketch of the camera window and

cavity is shown below with a schematic representation of the types

of heat transfer involved in this problem.

JLLLLLLLLL L1 L2 L d e LI L 8t LI d ],

' Camera cavity
. c i
q - i
/] q'ci e
, T ”
: e s
: ' o 3 ' Camera window
t | l AKf/Z/#
: ] i Paniip - Body
' T T oy T . . surface
Air e TO
flow ©
4r

For the present analysis it will be assumed that the window is
opaque to infrared radiation in the wavelengths occurring at the an-

ticipated temperatures so that the transmissivity »r of the heat

V-5
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through the window is zero. A previous preliminary analysis indicated
that the heat transfer through the glass by internal radiation may be
neglected for the range of temperatures to be involved in thié study.
It will also be assumed that the dlameter of the window is small com-
pared with its distance from the nose of the body and that the thick-
ness of the window is small compared with the local radius of the
body in which the camera is mounted. 1In addition, tangential conduc-
tion is neglected and the camera cavity ié assumed to be enclosed by
black surfaces, as indicated by the cross hatching in thé preceding
1sketch,and maintained at a uniferm temperature. The analysis is
thefeby reduced to a one-dimensional heat flow problem, and ié re-
stricted to the steady case.

A heat balance will be made on each surface by equating the heat
conducted to the surface per unit time to the heat leaving the surface
by radiation and convection. The héat balance for the inner surface
of the window is

= fovy
9., * 9 =k dy

i i ’y=t (v-1)

and for the outer surface,
dT

- g = -k = (v-2)
r dy v=0

(o} o
where Kk 1is the thermal conductivity of the window material. Trans-
parent fused silica has been selected as a likely material-for this

application. The thermal conductivity of transparent fused silica is

given as a function of temperature in the following ‘table taken from

V-6
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unpublished data:

Temperature, °F 200 600 1000 1500 2000

k 0.90 1.05 1.53 2.82 5.37

where k is in BTU/hr—ft—oF.

The heat conduction through the window may be expressed as

(Ref. 1)
dar _ 1 _ -afm 2 _, 2
KGy = [0.674 (T, T,) + 0.347 x 107%(T, To)

- 0.306 x 107° (Ti3 - T,%) + 0.144 x 10"9@1’14= - T04>] C(v-3)

The heat radiated from the outer surface of the camera window is

given by

T N\* :
- o ‘ _
qro = 0.173 €4 <10é> (v-4)

of the window are given by

(V-5)

T, N * T 4
i N
5 1oo> <1oc>

and '

The radiation‘and convective heat transfer from the inner surface
qr. = 0.173 ei{

%, = I—I(Ti - TC> | (V=6)

Equation (V-5) assumes that the camera cavity has completely

black walls. The value of the heat-transfer. coefficient H will de-

pend upon the circulation flow within the cavity. If air at atmos-

pheric pressure is convecting freely within the cavity, H can be
taken as equal to unity, whereas an H of zero corresponds to vacuum
conditions within the cavity.

V-7
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This heat balance neglects any radiation from the earth, atmos-
phere, or any other object outside the camera window. The earth
radiation is shown to be negligible by the following example:

Earthshine ® 40 BTU/hr ft2
albedo = 175 BTU/hr ft® where ¥ 90% passes through glass

therefore,

Earth q_ ® 60 BTU/hr fte

whereas, if the temperature of the outer window surface is approxi-

mately 2000° R,

q. = 10* BTU/hr ft?Z
o

The convective heat-transfer rate from the boundary layer air-
flow to the camera window for blunt bodies in dissociated air is
given by the following eguation which is derived in Appendix VA
(note symbols which have been changed to keep consistent with symbols

and units used in this report):
n 1 PR
3600 algf (ro) Vsp (') (}s 1&)
S m
(Pr)dS [f fn(rcD nlvép.(u.)u d?\]
o}

The primed values refer to a reference condition. That is,

q =

c (v-7)

there is a reference temperature T' or enthalpy h' for which the
convective heat transfer in a compressible flow satisfies the incom-
pressible equation for the same specified conditions (see Ref. 2).

The reference enthalpy for a laminar boundary layer is given by

V-8
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(Refs. 2 and 3):

i,"=0.23 i, + 0.19 i+ 0.58 1
r w

1 o
and for the turbulent case (v-8)
J.t = 0.36 15 + 0.19 lr + 0.45 iw

The recovery enthalpy ir is defined as

v. 2
C o)
i, =i, + r2gJ

(v-9)

where the recovery factor r is '(Pr)y@ for the laminar case and
(Pr)l/:3 for the turbulent case. The reference viscosity ' is ob-

tained from the expression (Ref. 4)
W' o= 2.28 X 10"9(T')J/2<1 + 3%%(%—) (V-10)
o)

and the reference density p' is obtained directly from the Mollier
diagram of Reference 5 at i°' and ps oOr from Reference 6 and the

expression

@

P
p' = 39.5 i o (v-lD)

=

where Ps is in atmospheres and T' 1in °R. The reference tempera-
ture T' . is found on the Mollier diagram at i' and Pg - The value
of f 1is determined by the equation

2
i o
_ 6 29J w :
- v.2 .
I (V-12)

+ r

The method for determining the values of the conditions at the
edge of the boundary layer can be found in Part III of this report.

V-9
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It should be noted that when solving for the local pressure coefficient

Cp from the expression
c_= (C sin? q v-13
> = (o), (v-13)

a 1is the angle between the normal to the body surface and the free-
stream airflow and is equal to Gc only for points on the conical sur-
face.

The constants in Eguation (V-7) depend upon whether the boundary
layer is laminar or turbulent; therefore, a table is presented below

listing the constants for laminar and turbulent cases.

Table V-1
Conatant Laminar Turbulent
a 0.332 0.0296
m 0.5 0.2
n 2 1.25
u 1 0.25

The method used to obtain the conditions at the edge of the
boundary layer and to solve the eguation for the convective heat-
transfer rate are slightly different for the blunt cone than for the
blunt wing. For'this reascn the two configurations will be consid-

ered separately.

v-10

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

Jéiii“ M ad

LB .

sl il



id‘

watl

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

Method of Solution for Blunt Cone
The solution of the conveéctive heét—transfer eguation for a
blunt cone will be considered.first. The value 6f 9. . is deter-
mined by an iteration process because 9 is a function of the
wall temperature which is initially unknown. The wall tempera-
ture is estimated fér the first iteration. Upon determining da-
the radiation ecuilibrium temperature at:that q. is f¢und from

the expression

: T \* o

d, = ¢, = 0.173 €“I<j%&£> _ (Vv-14)
After this wvalue of TW is known, the wali enthalpy iw is de-
termined from the Mdllier diagram at Tw and Pg - At this point
the calculation of 9. is repeated using the new value of iw
in the equation. This process is continued until_the value of
Tw becomes essentially constant between computations{ ihis tem-
perature is then used in the Calculationé to determine the window
temperatures. | -

In order to evaluafé the integral_in_the denominatbf of

Equétion (V-7), the ihtegral‘is broken into two parts, oné for
the hemispherical nose and the other for the cone, as shown in‘the

following sketch:

Camera
window
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the integral is then expressed as
ijD n_ntl . | JrSA n nl . W u
. £r " Vept (') aa = . £r " vgp (k') ax

- SD n_nl u
+ f £r Tvgpt (') an (V-15)

SA
where the exponent 1 1is equal to unity for the blunt cone.
Because the value of the wall enthalpy must be known to solve

for £, p', and p', the wall temperature Tw must be known as a
function of §S. Because each of the terms in the integrand is a
function of S over the hemispherical nose, the integration in the
region from s to A is done graphically. To do this, the terms
in the integrand are determined at several values of S on the nose.
The value of the integrand is then plotted as a function of the dis-
tance S and integrated graphically. The conical sections may be
integrated directly as ro is the only term taken as a variable in
the integrand for this region.

The expression for the radius of cross section for the conical

portion of the body as determined from the sketch below is

- [e - »IT _ 2\l «i _
ro = R cos Gc + [? R(z 9;)} sin Gc (v-186)

The remaining terms in the integrand are assumed to be constant be-
cause it is expected that the temperature along the conical section
will remain nearly constant.

v-12
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It is necessary that Equation (V-7) be solved for each point
at which the wall temperature is to be calculated by Eqﬁation (v-14).
The témperature at each point is then used in the second iteration |
as previously stated. The solution of Eguation (V—7’ at the stagna--
tion point requires that the equation be solved for its limit as ‘ré
approaches zero. The convective heat-transfer equatioh at the stag-

nation point as derived in Appendix VB becomes

2837(p, - pm)l/‘*(is - iw)(p')l/“(u‘)l/zq (V=17) .
Rl/é<ps>’/‘*(1=r)#3

(%), ~

Since it has been assumed that the size of the window is small
compared with the distance to the window from the nose of the cone,
the convective heat-transfer rate to the wall at the front of the
window can be assumed to be representative of the average convec-
'tive heat transfer to the camera window. It may be expectéd that a
slight discontinuity in the surface temperature will occur between
the wall at the edge of the window and the window itself. The |
effects of this disdontiﬁuity on the heat transfer to the window are
assumed to be negligible because the change in the wall enthalpy
corresponding to the temperafure change will be very small compared
with the difference between the sﬁagnation enthalpy and the wall

enthaipy.

v-13
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Method of Sclution for Blunt Wing
The thermodynamic relationships for determining the convec-
tive heat transfer to the camera window in the blunt wing are quite
similar to those relationships previously established for the blunt

cone. The expression for the convective heating rate

n_1 RN
a - 3600 a £7r "Vyp'(u') (i - 19 (V-7)
r s m
(Pr)%bg -[ fnroanép’(u')u dl]
L0

is the same for the blunt wing as for the blunt cone with the ex-
ception that the exponent | 1is zero in the case of the blunt
wing. The integral in Egquation (V-7) is solved by splitting it
into parts in the same manner as for the blunt cone. The solution
of the integral around the nose is again a graphical integration
carried out in the same manner as for the blunt cone. The results
of Part II of this report show that the pressure along the straight
section of the bottom of the wing is nearly constant; therefore,
for the purpose of determining the heat transfer, the pressure along
the bottom of the wing will be assumed constant at the value deter-
mined at the nose-wing tangency point. The local pressures over the
nose are determined by the method described in Part III. The inte-
gral in Equation {V-7) can then be solved analytically for the flat
section of the wing.

The method of iteration to find the actual wall temperatures
along the surface of the wing will be the same as for the blunt

v-14
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1

cone and the convective heat-transfer rate on the body at the edge
of the window will be assumed to be the same as thé average con-
vective heat-transfer rate to the camera window. '
Camera Window Temperatures
The steps followed to solve for the inner and outer window
temperatures using the heat~transfer relations discussed in this
section are listed below. This procedure consists of éolving

Equations (v-1) and (V-2), which are fourth-degree eguations in

'temperatureﬂ simultaneously by graphical methods.-

For specified values of camera window thickness, camera Cavity
temperature, camera cavity heat-transfer coefficient, free-stream
Mach number, altitude, semiapex angle of cone or angle of attack of
wing, radius of hemispﬂerical nose of cone or lééding edge of wing,
and distance of camera window from nose, the following steps will
yleld the inner and outer window temperatures:

1. Calculate . at point D (Equation (V-7)) which is

assumed to be the same as the convective heat-

transfer at the window 4., ¢ The value of d. is.
a a

considered tp be insensitive to To because the
driving potential (is - iw) is large so that small
changes in To’ hence small changes in iw’ do not
affect the driving potential. Plot 4, versus T

(o]
2. calculate g_ -k —g—g from Equatiors (V-3) and (V-4)
Q

and plot as a function of 'I'O (one curve for each

Ti) on same plot with g .
c
e

V=15
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3.

Plot TO versus Ti as determined from the inter-
sections of curves (1) and (2). This curve repre-
sents possible solutions of Equation (V-2).

Calculate q, from Equation (V-5) and plot as func-
i

tion of Ti (one curve).

daT
Calculate —k-a§ - qci

from Equations (V-3) and (V-6)

and plot as a function of T, (one curve for each

TO) on same plot as (4).

Plot To versus Ti as determined from the intersection
of curves (4) and (5) on the same plot as (3). This
curve represents possible solutions of Equation (V-1),
and the intersection with the curve of (3) gives the
temperatures TO and T, which satisfy Equations (V-1)

and (V-2) simultaneously.

V-16
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RESULTS AND DISCUSSION

Calculations were made to determine the camera window inner
and outer surface temperatures and heat-transfer rates to the
cavity for the two configurations and the range of Mach numbers
and altitudes specified in Part II. The parameters specified for
the calculations are:

Window thickness - 1/2 in.

Cavity wall and air temperature - 100° F

Distance of window from nose tangency point - 6 ft

Radius of nose - 1 ft

Semiapex angle of cone - 5°

Angle of attack of wing - 20°

Emissivity of body - 0.80

Emissivity of window - 0.93
Two values for the heat-transfer coefficient H at the inner
surface of the window were considered. An H of zero was taken
to simulate an evacuated cavity and an H of unity was taken to
correspond approximately to the value for free convection from
a vertical wall in a room at sea level. The thermal conductivity
of the window was varied according to the table on page V-7.

A calculative example for the solution of the convective
heat transfer to a blunt cone is given in Appendix VC and Figures
V-1 and V-2. This example is for a cone at zero angle of attack
at a Mach number of 16 and an altitude of 200,000 feet. The

example illustrates that the iterative process does converge

V=17

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

rapidly to a solution whose accuracy is satisfactory to permit
the determination of the camera window temperatures.

The results of the aerodynamic heating calculations for the
blunt cone are shown in Figures V-3 and V-4 where the window
outer surface temperature, the temperature difference across the
window, and the heat transfer into the cavity are plotted as
functions of Mach number and altitude for H =0 and H = 1.
The same parameters are plotted for the thick blunt wing in
Figures V-5 and V-6. From these curves the following general
observations can be made:

1. The effect of increasing Mach number is to increase the

outer temperature of the window, the temperature dif-
ferential through the window and the heat transfer into

the cavity.

2. The effect of increasing altitude is to reduce the window

outer temperature, the temperature differential through

the window and the heat transfer into the cavity.

3. The effect of increasing H from zero to unity is a very

small reduction of the outer temperature of the window,

approximately 2 percent. The effect is more significant
for the temperature differential, increasing approximately

15 percent. This is due to the additional cooling of the

inner face of the window by convection at H equal to
unity, whereas for H equal zero, the inner face is

cooled only by radiation. The effect of increasing H

vV-1i8
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from zero to unity is to increase the heat transfer to
the cavity by an amount as high as approximately

20 percent. Again, this is due to the combined effects
of both radiation and convection for the case of H
equal to unity.

4. The window outer temperature, the temperature differen-
tial through_the window, and the heat-transfer rate to
the cavity are all considerably greater for the thick
blunt wing than for the blunt cone. This is due mainly
to the wing surface's being inclined 20° with the free
stream while the cone surface is only inclined 5°.

Subsequent to the heat-~transfer calculations for which the

room-temperature emissivity of quartz glass of 0.93 was used,
information on the emissivity as a function of temperature has
been obtained (Ref. 9). The effect of the reduction in emissivity
with increasing temperature is to raise the calculated temperature
of the window. The results of using the information of Reference 9
in place of the constant value of emissivity would be to increase
the high end of the window temperature range by approximately

4 percent for the blunt cone and 8.5 percent for the thick blunt
wing. The lower window temperatures will, of course, be less
affected as their corresponding values of emissivity approach the
room-temperature emissivity.

As a result of the findings of Part III of this report, the

foregoing calculations were conducted only for the condition of
laminar flow. However, at an altitude of 100,000 feet the boundary

V-19
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layer over the window may be turbulent. In this case the temper-
ature of the outer surface of the window, the temperature differ-
ence through the window, and the heat transfer into the cavity

are considerably higher than shown for the laminar case. An indi-
cation of the magnitude of the temperature increase may be seen
from Figure V-1 of Phase I of this contract (Ref. 1).

The values for the heat transfer into the cavity, as pre-
sented in the (c) part of Figures V-3 through V-6, are an indica-
tion of the cooling system reguirements necessary to prevent
aerodynamic heating from raising the cavity temperature above

100° F.
CONCLUSIONS

Analytical methods are presented for determining the tem-
perature of a camera window mounted in the bottom surface of a
blunt cone or a thick blunt wing which is traveling at hypersonic
speeds. A method is derived in Appendixes VA and VB for calculat-
ing the convective heat transfer to blunt bodies accounting for
real-gas effects. A calculative example of the procedure used to
compute the convective heat transfer to the camera window is
presented in Appendix VC.

Calculations have been conducted to determine the tempera-
tures of the inner and outer surfaces of the window and the heat
transferred from the window into the cavity. These calculations

were performed for the configurations and the altitude and Mach

v-20
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number ranges determined in Part II. These calculations indicate:

1. The maximum temperatures occurring on the outer surface
of the window for the range of altitudes and Mach numbers
covered is less than 2000° R.

2. Evacuating the cavity decreases the temperature differ-
ential through the glass and decreases the heat transfer
to the cavity.

3. The window for the winged configurations gets considerably
hotter than that for the nonwinged configurations for

the flight conditions selected.

V=21
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APPENDIX VA
DERIVATION OF INTEGRAL TYPE EQUATIONS FOR EVALUATING
CONVECTIVE HEAT TRANSFER USING REFERENCE ENTHALPY TECHNIQUES
The equations that represent the flow over a body of

revolution can be written as follows?®:

(rpu)x + (rpv)y = 0 (VvA-1)
puu, + pvu, = = p (uuy)y (va-2)

and _ 2 _
puh  + pvhy =up, + (kTy)y + u(uy) (VA-3)

Equations (VA-1), (VA-2), and (VA-3) represent the continuity,
momentum and energy equations respectively. The derivation
of the integral equations begins with the establishment of
the value of the velocity normal to the surface by integrat-

ing (VA-1) with respect to y. There results
Y
j- (rpu)  dy + rpv - rp v, =0 (VA-4)
o

In (va-4), Vo the normal velocity at the surface is per-
mitted values other than zero to account for any mass trans-
fer at the surface. At the edge of the boundary layer, where
temperatures and the velocity parallel to the surface have
both approached the free-stream values asymptotically,

Equation (VA-4) becomes
3]
J( (rpu)x dy + rpgvg - rp VvV, = 0 (va-5)
o

Now, some methods of solution require use of the momentum

lsubscript x or y refers to differentiation with respect
to x or y.
v-22
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equation which is first solved, and then the heat transfer
rates are found by employing the Reynolds analogy locally.
Although in the present approach, the energy equation will
be solved directly, the momentum edquation will be derived
to be used in comparison with the energy equation. If the
momentum equation is multiplied by r and the continuity

edquation by u there results

-rpuu + rpvy,, = - XPy + r (p,uy)y (VA-6)
u (rpu)x + u (rpv)y = 0 (va-7)

Adding (va-6) and (VA-7) and considering differentiation by

parts yields
(rpuu)X + (rpvu)y =-rp, tr (uuy)y (va-8)

Integrating (VA-8) with'respect to y results in
v _
Jf (rpuu)x dy + rpvu - rp Vil = - rpxﬁ + r(T—Tw) (VA-9)
2 _
It is noted that r, p, are not functions of vy and that

T = uuy~ With zero slip, u, = 0. At the edge of the boundary
layer, use of (VA-5) permits writing (VA-9) as

5 6

f _
j (rpuu)xdy + ug (rpwvw - j’ (rpu)xdy) = —rpx5 —ET, (va-10)
o) o

From the flow external to the boundary layer it is noted that

Pglsg (u6>x = - P, (VA—ll)

Transposing and regrouping terms in Equation (VA-10)

v-23"
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results in
B B

rr, * rp v ug = rpﬁua(ua)xﬁ +j’u6(rpu)xdy -J((rpuu)xdy (VA-12)
o o

This equation can be rewritten as

o] 9]
rt, t re v ug = rp6u5(u6)x6 +jf(rpuu6)xdy -Jrrpu(ua)xdy
o o

) .
_j’(rpuu)xdy
o

b b
r(uﬁ)xjf(Paua'Pu)dY +jﬂ[;pu(u5—qﬂ L3y (VA-13)
o o

Because the term in the brackets of the last term of (VA-13)

has a zero value at the outer edge of the boundary layer, the

equation can be rewritten as
o] o]
d
rt, * rp v, ug = r(ua)xj((paua—pu)dy + E;j’rpu(ua—u)dy (VA-14)
o o

The integrals in Equation (VA-14) are related to the momentum

*
thickness 6 and the displacement thickness © as shown

5
] =.['—£@—- 1 -2 ) ay (VA-15)
Psls Y5
O
5 |
6% = J” (1 ; _22_) dy (VA-16)
Psus
(o)
Therefore, 5
p5u52 6 = Jr pu (ug - u) dy (va-17)
[e]
vV-24

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

LR el Gl LGB R R L LR LGl il

il

O QR RN

W e -l



Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

ahd 5
*

Pgls 5 = J( (p6u6 - pu) dy (va-18)
O

Substituting (VvA-17) and (VA-18) into (VA-13) results in

* d :
rv, t rp v ug = r(uﬁ)x Pgug 5 + = (rpﬁuﬁze) (VA-19)

w
Expanding (va-19)

_ * 2 2
rr, t rp v ug = r(uﬁ)xpauﬁﬁ + (r) pgug € + r(pﬁ)xus o

+ rpg 2 Ug (u6)x9 + rp6u629X (VA-20)

Defining the local skin friction coefficient as

£ - 5 | (VA-21)

and dividing (VA-20) through by rp5u52 results in

Ce P,V [, du * dp 1
£ ww _ dé |1 /B > 1 dr 1 8
—_— = == 4 |=—=— = | == 42 4+ == 4 = ——1 0 VA~22
2 Pgls dx Lua dx (9 r dx Py dXJ ( )

Equation (VA-22) represents the integral form of the momentum
equation. |

The integral form of the energy equation is obtained in
a similar fashion. First, Equation (VA-2) is multiplied

through by u to yield

pu <ﬁf> + pv <ﬁi> = - up_ + u (pu ) (VA-23)
2 % 2 ¥ X V'y

This is added to Equation (VA-3) to obtain an energy edquation

V25
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expressed in total enthalpy, namely

2 2
o (o) v e (o)
X Y

To account for the effects on a body of revolution Equation

(k‘I‘y)y + (u,uuy)y (VA-24)

(VA-24) is multiplied by r

2 2
rpu <h+u7) +rpv6—1+%—)
X b4

If Equation (VA-1) is multiplied by the total enthalpy,

r (kTy)y + r (u.uuy)y (va-25)

there results

. u? ( u? _
= ) (rpu)_ + (h + <5 (rpv)y =0 (va-26)

Adding (VA-25) and ({VA-26) results in

r ( - ( ( u2>
, ‘h + = + h + — = + -
Erpu 5 ) N :rpv h 5 v r(kTy)y r(uuuy)y (VAa-27)
T L

Integrating with respect to y to the edge of the boundary

layer results in
o}

Jf (rpuH)X + rpgvgHg - rp Vot = T r(kTy)w (vA-28)
o

when

2
= un_
H—h+2
-+ {J at - B
uy a Y
u = 0 y = 0

Letting the heat transferred to the body be represented by

%, = (k)

V-26
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and introducing Edquation (VA-5) results in

& & . ;
‘ [ﬁ(rpuﬂ)xdy-+ [rpwvw-J[(rpu)kdy H6—rpwvaW = - rq, (va-29)
o o

Now Hg # £(x or y) so that Equatidh:(VA—29)‘cah be re-

written as
6 .
rq. + rp v (Hg - Hw) = J( {rpu (Hg - Hﬂ % dy (vA-30)
3 _ .

Since the term within the braces is equal to zero at the
upper limit of integration, Equation (VA-30) can’be writtén

as
rq, + rp v, (Hg - Hw) = é%r jr pu (Hg - H) dy (va-31)
An energy integral can be defined as follows
- B
M- [ e
Psls
o

It is quite similar to the momentum thickness, in fact the

(Hg - H)
( (VA-32)

s - dy

two are identical when H = u as in the case of flow on a
flat plate and with a Prandtl number of unity. When (VA-32)

is substituted into Equation (VA-31), there occurs

d i
rq., + rp v (Hg - Hw) = 3= k[rpt.)u6 (Hg - Hwﬂj (VA-33)
' dH
For the case where the change in temperature, or ax ! is
small compared to the driving potential, (Hg - Hw),

V27
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Equation (VA-33) can be rewritten as

% Py o, [

d
Pgup (Hp-H,) ' Pgug - dx Tpgug ax (FPous) (VA-34)

Equation (VA-34) constitutes the integral form of the energy

equation.

Solution of Energy Integral Equation

There are several methods employed for solving for the
rate of heat transfer to the surface of a body employing the
integral equations. Often the momentum equation is solved
first and then the Reynolds analogy is employed locally to
evaluate the heat transfer rate. To do this it is necessary
to know or to assume values of the ratio of the displacement
to momentum thickness. A simpler approach will be employed
here. The enerqgy equation will be solved directly using the
reference property method and the assumption that the local
heat transfer is the same as it is on a flat plate when both
are expressed in terms of the energy thickness.

On a flat plate the following relationships are known
to exist:

a

st' =
(Pr‘)Z/a(p'uGX/p,')m

(va-35)

where for laminar flow

a = 0.332
m == 0.5
vV-28
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and for turbulent flow

0.0296

Il

a
m = 0.2

Also the heat transfer rate to the body is given by

u
] ] __Q__ — -
q, = St'p'ug <£6 + R — Hw> : (VA-36)
where for laminar flow ‘ |

(Pr' ) 1/2

v}
l

and- for turbulent flow
R = (Pr')l/8

If Equations (VA-35) and (VA-36) are combined there results

qa, ap'ug [h6+R(u62/2)—ﬂw]
Peup (Hg™H,) — (pro)2/3(gry x/un)™  Pols(HpH,)
Ly 1-m .\

- alp Alm (') /Z (VA-37)

pgug x  (Pr')# ®
where

he + R (u<2/2) - H

7 = -2 0 W (VA-38)

hg + (u52/2) - H,

Equation (VA-37) can be substituted into the energy integral

equation

' _d 1 4d T
Pplp (Hg-H ) ~ dx ' Tpug dx (rpgug) [ (VA-39)

which simplifies to

T = §£1 ' (VA-40)

V-29
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da
on a flat plate whose change in temperature, or 7;%. is

- small compared to the driving potential (HG'HW)' Combining
Equations (VA-37) and (VA-40) yields

al az(p'/pg)
dx (Pr')z/s(p'us/u')m ™

(va-41)

When it is remembered that each of the terms on the right
side of the equation, other than xm. are independent of x
on a flat plate, Equation (VA-41) can be integrated directly

to give [,

[ =
4

Now (VA-35) only applies when the boundary layers begin at

aZ(p'/ps) x1-m X
1

— (VA-42)
(Pr‘)z/a(p*ua/u‘)m m x,

x = 0, therefore

f; = 0 when X, = 0 (va-43)
Thus
azZ{p'/pg) 1-m
= 2/: 5 - X (VA-44)
(Pr') (P'us/ul)
Equation (VA-44) can be solved for x" as m
R PR AT AT LIS, ol B .
X = aZ(p*/pﬁ) (VA-45)
Substituting this into Equation (VA-37) yields
q, i a(p/pg) 2 (va-46)
pﬁus(Hﬁ—H‘q) B m
2/3 (prug/u ) (Lem]
(Pr") plus/p’ -m
a3, . 5

v-30
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This equation simplifies to

1 1l 1
qw. al"'m (p,/pﬁ) 1-m Zl"'m |
Pgug (HgH,) / o == - T I
(Pr')2 3<l_m> (p'UB/M')l—m (l_m) 1—m|"" 1--m
- » l
a (p'/pg) 2 | 1=
= (VA=-47)
(ex) % (pru /a0 (1-m™ | o

It is now assumed that Equation (VA-47) applies to a body of
revolution as well as a plate. Thus, using (VA=-47) in (VA=39)

vields for the body of revolution.

1

- I (p'/pg) Z e oI

%12 t oo ax (tPgug) [ = j PP I
P54 (Pr*) ¥ %(p ug/u) ™ (1-m)™

- ' (VA-48)

This is a Bernouli type of first order equation that is

solved by transforming the dependent variable. Let

-m d 14 - -
(1-m) p " 3B+ Tpgug ax (“Pols) prN =g p ™ (VA-49)

Where g represents the bracketed term in Equation (VA-48),

Equation (VA-49) simplifies to

dp L 4 - 9
ax * (l—m)(rpaua) dx (rpgug) p = 1-m (VA-50)

_ V=31
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The integrating factor for this equation is

i-m

S S S - (rpaug) N
1-m rpgug dx (éhmte] —— 1in (rpaus) 1
e = e = (rp5u5

Therefore (VA-50) becomes
1

1 1i-m
d - 9(rpgup)
ax {}rpaua)l " g] = Tom (VA-52)

This integrates directly to yield

1

b4 X g(rpﬁuﬁ)l_m
- Jf (1-m)

(rpgug) * ™" P

X, ;
! i X5

dx (VA~-53)

Reintroducing [ yields

a 1
1-m -=m
(rpgug[") ™" - (r pgyupsly)”

1

X , -m
- J[ 2 (0'/p) 2 regts |7 an (VA-54)
2 Ler et amm O

Therefore 1
1 1-m

ri-m_ [Zi Poi YB3 r
r 5 Yg i

1

x a (p'/ps) Z r 1=m

. 1 P /Pg PsYp dx
=/ (Pr'}Z/é(p'uﬁ/u')m(l-m)m 1-m
(rpgug) 1 (VA-55)

v-32
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Combination of Equations (VA-55) and (VA-47) results in the
expression for the local heat transfer rate to a point x
on the body of revolution.
For the case of the laminar boundary layer which begins
at the stagnation point, i.e., r, =0 and ug; = O
% r

re .1

(rpgug) g

(Va-56)

(0.332) (p'/pg) Z rpgug = I
W(Pr')e/s(P'ua/U«')1/2(1-/2)1/2 1/2

If the turbulent boundary layer begins at the leading edge

X 1
Ar“5/4= 1 j’ 0.0296 (p'/pg) 2 rpgug 5/4dk
| (rpgug) > *3 [(Pr') 2 (prug/u) Vo (ays) /5| 45

(VA-57)

The heat transfer expressions under these conditions from

(va-47) are as follows:

1

qw _ a (p./p6) Z , 1-In
Pgup (HgH,,) (Px*) 23 (prug /)™

1

m

<gil_m)l—m a (p‘/pﬁ)-Z rpgug } ax k

—%ﬁ (Pr')Z/B(p'uS/u')m(l—m)ﬂ 1-m

(rp5u6)l o -
| (vA-58) /
.If Pr' ® constant, equation (VA-58) reduces to
= a (p'/pg) 2
(VA-59)

p6u6(H6_Hw) - (Pr')a/s (p'uax/u')m c™

V=33
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where

.- [ (p;uﬁ/ux}m ]l-m lfx eraua(Pn/pa)J—l—‘—m
- Z ry dA ) (va-60)
rPaua(P /Pa) (p'uﬁ/u')m

The final forms of these equations can be written as

a, _ 22 (p'/pg) T ug) ™
Pele (Me™My)  (pr) 2/ (prusx/ug)™ o™ Aol
where
— 1
o = 1{ (Pgug/p) " I fx Frps%w'/%)l'mm'/ua)“‘r_’“
X erbuﬁ(p'/pg))l‘m(u'/uﬁ)“j 3 (pﬁua/ua)m o
(vAa-62)
For laminar boundary layers Equations (VA-61) and (VA-62)
become
q, 0.332.2 (p'/pg) 2 2 (' /ug) O F
psua(Hb-HW) B (Pr')2/3 (Pausx/ua)o's Glo.s (va-63)
Where - -
Zrpgug (p'/pg) "% (0" /ug) °° %) o (pgug/ig) °"° ]
(va-64)
The expression for q, reduces to
0.332 Zaruap'u'[h6+(u62/2)—hw] (VA-65)

qw - X 0.5
{Pr')2/3 (J[ Z2r2u6p‘u'dk)
o

V-34
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For turbulent boundary layers Equations (VA-61) and (VA-62)

become
q, 0.0296 2 (p'/p5)‘*/5 l(u'/uﬁ)l/?
' ) / / Joo  (VAT69)
Pus (Hg™Hy)  (pr)#/®  (ppugx/ug) ¥ ¢, M®
where
5/ 4
G, == ( (pgug/tp) /e ]
t X Lerﬁus(p'/pg)"’/‘ri(u'v/ug))1/5_
X s/ 4
[ erﬁuﬁ(p'/p5)4/5(u'/u6) /5 |
J 75 - an (VA-67)
o (p5u5/u5)

The expression for 4, for turbulent flow may be reduced to
¥4 4 ) ' 4 ]
0.0296 27 * r/ ugp' (U 4 [h5+(u62/2)"hw

X /s
(pr') /2 [f (Zr)s/q’ugp' (') /= dk]
O

-

(VA-68)

qw=

This method was compared with the laminar flow solution by

Lees (Ref. 7) whose results may be expressed as

+(u 2/2)] (p'/po) (W' /ig) (L/pp ) ¥ 2 (1/u,) /2

1/ 2
) 2n dSJ

n
0.354ro peueue[ﬁe
"8

qw=

o

(Pr')g/s[f (p'/pg) (W' /k,) (u/u ) (x

O

V35
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This compares to the expanded derivation of this report

which becomes

O.332Zgrop6u6u5[h5+(u62/2)-hw](p'/P5X@'/u6)(l/pouo)l/e(l/uw)l/z

q, =

X 11/ 2
(pr') /2 [f z% r_® (ug/u ) (p'/py) (1'/u,) dk}

o
where e =08, x=s5 and n =0 for two dimensional flow,
n =1 for rotationally symmetric flow. It is seen that the
methods are comparable with the exception that the method
derived herein includes the effects of the enthalpy ratio, Z,
the wall enthalpy. hw' and an approximately 6% difference

in the constant.

V=36
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APPENDIX VB

CONVECTIVE HEAT‘TRANSFER—RATE AT STAGNATION POINT

To obtain the convective heat-transfer rate at the stagnation

point, the limit of the expression for q, is taken as r ap-

- proaches zero. Near the stagnation point, the fbllowing conditions

existe

where B 1is found from Newtonian theory to be

1[0~ ma

B =3 o2 |

where R = radius of nose.

p's pn' = constant for small values of x

]

N
1T
H

therefore, from Appendix VA,

. 1162 .
. 2 [

0.332 2 rusp ' <ﬁ§ + = - hw)

; X - = 1/2

(Pr)Z/B [of Z2r2u6p'p«' d}\ ]

qw=

which reduces to,

| 0.332 x%8 (p') (') (hy - hy)
<gw>s = 5 X 1
(Pr)%b{?p'u' j( x> de
0

0.664 (Bp'u‘)uz(hs - h)
(pr) 3

(%), =
. V’.‘,37.
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APPENDIX VC
CAICULATIVE EXAMPLE FOR CONVECTIVE HEAT TRANSFER RATE
TO CAMERA WINDOW ON BLUNT CONE

A sample calculation to determine the convective heat
transfer to the camera window is presented to illustrate
the procedures involved in using the method described in the
text. The conditions selected for this example are:

1. Mach number 16

2. Altitude 200,000 ft

3. Blunt cone at zero angle of attack with nose radius

= 1 £t and semi-apex angle = 5°

4. Window located 6 ft aft of nose-cone tangent point

5. Laminar flow in boundary laver

The free stream conditions are obtained from the atmos-

pheric tables of Reference 8. These are:

T = 449°R
o0
p, = 4-7151x10" " 1b/ft?®
p, = 6-1180x10" 7 slugs/ft°>
a_ = 1038.7 ft/sec
then
i, =c, T, = 0.24 (449) = 107.76, BIU/1Db
and -
i -'+.‘i°.3_
s T e 2g9J
where
V._=a M = 16,619 ft/sec
o0 W

v-38
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therefore,

iS = 5625 = (16) BTU/1b
: s

The value of (Cp) at M for the blunt cone is fouhd
_ S ' :
from Figure III-1 of part III of this report. The stagnation

pressure p is found from the relation

pS == poo + 1/2 poo V002 (Cp)é = (pa).s

il

(pg) 155.9 lb/ft%

s
The value of (p6) is obtained from the charts of Reference 6
8
by determining Z and T at (16) = 5625 and (pa) =
s S

7.364x10 ° atm. and solving the expression
{

N (Pg)
o (pg) = 39.65
. |

S
(Z5) (Ty) g
S S

7.487x10°° slugs/ft°
The primed values, p' and W', are obtained through the use
of 1i'. For laminar flow,

it = 0.23 ig + 0.19 i_ + 0.58 i
r W

where, from Equation (V—9) and the fact that Vg = 0 at the

stagnation point,

Since the wall temperature is initially unknown, (Tw) will
_ S '

be assumed to be 1000°R; therefore, from Reference 6 at (pa).
s

V-39
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and (Tw)

el el S

(1)

W

235 BTU/1b
S

The value of (i')s is then,

(i')

s

0.23 (16) + 0.19 (iﬁ) + 0.58 (iw)
s s s

2499 BTU/1b
Then
(pPg)

' —_ S
(p'), = 39.65 G

where (Z')s and (T*)s are found from Reference 6 at '(i')s

il el vl mﬂih’ )

and (Pg) - Using these quantities,
s

(p')g = 1.434x107° slugs/ft°

The value of (u')s is found from Equation (v-10),

5 O

where (n/no)' is found from Figure 8 of Reference 4 at

(T')S and (p6)s to be

(R -

JEET R QR R T |

Therefore, %
(u') = 1.809x107° E"—ze‘i 3

ft ;

V=40 a
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The average Prandtl number for the range of anticipated

temperatures is taken as 0.72. The convective heat transfer

at the stagnation point is then determined from Equation (V-7)

using the quantities which have been established for thé

terms in the equation; therefore,

(g) = 2.106x10° BTU/ftZ~hr

The radiation equilibrium temperature of the wall will

be determined from Equation (V-14) which can be expressed as

1/ 4
(qc)S
(. ) = —
Vs 0.8(0.173x10™ %)
thus:
_ e}
(Tw)s = 3514°R

This température will be used later to find a new value of
iW to be used in the first iteration of this method.

In order to evaluate the contribution of the hemi-
spherical ﬁose to the integral in the denominatér of Equa-
tion (V-7), the heat transfer muét be determined at several
locations along the surface of the nose. To illustrate this
procedure a point is selected on the nose corresponding to
an angle ¢ of 85° which is the tangency point of the hemi-

sphere and cone as shown in the following sketch

V=41
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From Equation (V-13) and the expression

=T _
a = 2 o)
the Cp at angle ¢ 1is found to be 0.01398. Then
(Pg) =1/2p v 2% (c)) +p
85 P 85
= 1.653 1lb/ft?
The value of (ia) is found firom the graphs of Reference 6

85
by locating the point at (pﬁ) and is, then following
S
the line of constant entropy to (pé) . Taking a constant
85
value of entropy assumes that the flow at the edge of the

boundary layer is isentropic. It is thus determined from the

graphs that

(15) = 2810 BTU/1b
8s
The value of iir) is determined from Equation (V-9)
8s
where r = (Pr)1/2 for the laminar flow case and where the
duantity (V6)285/29J is found from the expression
(Vg) 2
. . 8s
i_ = (ig) +
s b s 2g9J
thus,
(vg®)
—_ 85 _
393 2815 BTU/1b

From Equation (V-9),
(ir) = 5199 BTU/1b

85

V-42
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-For the purpose of a first approximation, the wall enthalpy

is again assumed to be 235 BTU/lb. The required gquantities

are now available to solve for (i')85 .using Equation (v-8) -

which yields.

(i )85 = 1770 BTU/1b
The values of (T')__ and (2')__ ‘are located on the graphs
of Reference 6 at the point corresponding to (i')85 and \
(pﬁ) . These values are:
85
(P') = 4392°R
85
(z2') = 1.070
85
RaTe s vy 1y . y 1 ; 1y
Knowing - (T )85 and (Z )85, the terms (p )85 and (p )85

are determined from Equations (V-10) ‘and (V-11). Théy are

found to bé.

. ';-
I

1.5805x107® 1b-sec/ftZ®

2.046x1077 slugs/ft®

©
‘v
]

All of the terms in Equation'(v—lz) are now.known, thus
(£) = 0.9210
85
The value of ‘ro is found from the relation r, = sin ¢ to be

?0 = 0.9962 ft

The constants n, u and m are taken from: Table (v-I) for

the laminar case and 1 is equal to 1 for the blunt cone.

=43
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The integrand in the denominator of Equation (V-7) is evaluated
using the quantities determined at ¢ = 85°. The value of
the integrand is then plotted as a function of the distance §

to the 85° point. This value of (S)Bs is found from the

Ji uﬁ. i . . %:.i l

el

expression

Where
¢ = 1.483 radians
therefore,

(s) = 1.483 ft
as

The same procedure 1is followed for several other angles

from O to B85 degrees and the integrand at each angle

plotted as a function of its distance S. The resulting curve

is shown in Figure V-1. Equation (V-7) is solved for each
of the points selected on the nose by

1. Graphically integrating the curve of Figure vc-1
from 8 =0 to S at the point concerned to obtain the
integral in the denominator of the equation.

2. Assuming that i at the point is 235 BTU/lb.

3. Taking a, from Table (v-1) for laminar flow.

4. Solving for Vg from the value of (V62)¢ /2gJ
previously determined.

For ¢ = B5 degrees,

(Vﬁ) = 11,871 ft/sec
B85S

V=44
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From Equations (V-7) and (v-14)

4987 BTU/ft®~hr

(qc)

85

(T ) 1379°R

Y oas

The wall teﬁperatures at the other locations on the nose.are
obtained in the same manner. A curve of Tw vs. § is
shown in Figure V-2.

In order to solve for the convective heat transfer
rate 'at point D. on the cone, the integral in the denominator
of Equation (V~7) is evaluated in two sections, (1) from the
stagnation point to ¢ = 85O (point A) and (2) from point A

to point D. From Equations (V-15) and (V-16) the integral

becomes
1.484 ' 7.484
[fnronvap'(u')udk}+ £vgp' () Jf (0.0875+0.867) %ax
. 1484
this ‘expression reduces to
-8 n . | iy a
2.82x10 + (£ )BS (VB)85 (p )85 (L )85 (9.617)

il

The fact that the terms £, Vg p' and W' are the same
as found at point A is the result of &, and hence Pg+
being constant from A to D. The value of" iW is again

taken as 235 BTU/lb. Equation (V-7) then yieldé

(@) = 5245 BTU/£tZ-hr
.cD
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~and from Equation (v-14),

- (o]
(TW)D = 1396 R

The entire calculative process is now repeated with
the assumed value of iw replaced by the local value of
iw determined from the calculated T, at each location.
The value of iw is found from the plots of Reference 6

at the point determined by T,, and Pg -

At the stagnation point, using the calculated T,

(i,) = 965
S

Using Equations {(v-8), (v-10), {(v-11l) and the graphs of

References 4 and 6,

(') 4 = 2922 BTU/1b
(p')g = 1.301x10°° slugs/ft>
(') g = 1.835x10°° lb-sec/ft”

The revised stagnation point heat transfer (Egq. (V-7)) becomes

(a,) 1.748x10° BTU/ftZ-hr
s

and from Equation (v-14),

- o
(Tw)S 3355°R

This substitution of the calculated iw for the assumed
value is carried out at each of the locations previously

investigated in the same manner as described for the stagnation

V-46
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point. Theiwall temperatures are again calculated and plotted

on Figure VC-2. It can be seen by comparing the first and

second curves that the fortuitous choice of the initial iW
has permitted only one iteration to yield an accurate wall

temperature at point D on the cone. The value of (qc)

D
determined by the second set of calculations will then be

used as described in the text for the solution of the heat

balance through the camera window.

4T
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Figure V-2.- Wall temperature distribution along surface of blunt cone.
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Figure V-3.- Aerodynamic heating at camera window for blunt cone with H = 0.
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PART VI: LUMINOSITY AND CONTRAST

INTRODUCTION |

At hypérsonic speeds, the temperature of the air sur-
rounding>the‘vd1icle bétween the shock waﬁe and the véhicle
surface may become high enough ;o that the air radiates
énergy ih the visible spectrum. In photographing the |
ground from this vehiclé, the optical system will have to
look through this luminous layer. This will produce a certain
brightness at the camera objective which may cause the con-
trast between an object on the ground and its background td
drop below the value required for satisfactory photography.

One purpose of this part of the pfeseht study is to set
up a rational analysis for evaluating the effect of air lumi-
nosity on aerial photography. A second purpose of the study
is to determine for typical hypersonic configurations those
regions in the Mach number, altitude diagram wherein the
effects of luminosity on aerial photogfaphy are déleterious.
A third purpose is to discuss schemes which may tend to
alleviate these effects. The analysis of this section is
concerned with the reduction in contrast due to luminosity.
‘Although luminosity clearly has the effect of degrading res-
olution, an analysis of this problem has not been attempted.

In part IIi of the final technical report, Phase I, a’

study of the effect of luminosity on aerial photography was

VI-1
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made. As a criterion of satisfactory photography, this study
assumed that the focal-plane illuminance from air luminosity

be less than one-fifth of a typical value which would other—
wise exist. This criterion is rough in that it does not
account for variations in ground and atmosphere illuminance,
but instead uses an average value. Also, it does not take into
account the inherent contrast between the object being photo-
graphed and its background, nor does it consider any effects

of wave length. The criterion developed herein takes all these
factors into account.

Since the publication of the Phase I final report, more
extensive data have become available on the absorption coef-
ficient of the air as a function of the thermodynamic state
of the air. These data, which go to lower densities, are used
herein to calculate the luminosity of the air.

The present section is written in three principal parts.
The first part concerns the loss of contrast between the
ground and the lower side of the luminous air layer and fol-
lows the general approach outlined by Middleton in Reference 1.
The second part deals with the change in contrast across the
luminous air layer. The last part involves luminosity calcula-
tions for several hypersonic configurations to establish lumi-

nosity boundaries in the Mach number, altitude diagram.

VI-2
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o w w w
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SYMBOLS
brightness?®
brightness of total air column due to air light
brightness of air layer of unit thicknesé
value of Ba at sea level

intrinsic brightness of object background for nadir
angle

apparent brightness of object background viewed from
objective at nadir angle u, no luminosity

apparent brightness of object background viewed from
camera objective at nadir angle |, with luminosity

brightness of horizon in direction of view from object
to camera

brightness of luminous layer at camera objective
brightness of a unit volume of luminous gas

intrinsic brightness of cbject being photographed at
nadir angle

apparent brightness of object being photographed at
nadir angle |y when viewed at camera, no luminosity

apparent brightness of object being photographed at
nadir angle (I when viewed at camera, with luminosity

brightness of sky in direction of camera

intrinsic contrast at ground between object and back-
ground

apparent contrast between object and background just
below luminous layer

apparent contrast between object and background just
above luminous layer

1The brightness used herein is not weighted for the response
of the eye, but is a pure radiometric quantity. See Appendix
VIA for definition of brightness.

VI-3
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P e-&r cos u
Po

altitude, ft
equivalent optical-path length at sea level

£flight Mach number

slant distance along optical path from ground to camera

elementary area of receiving surface
elementary area of radiating surface

1/23,500, reciprocal of altitude change for density of
ARDC atmosphere to vary by the base e, ft71

Rayleigh scattering parameter, £t

Rayleigh scattering parameter at sea level, £t
wavelength, microns, unless specified otherwise
nadir angle, deg

mass density of air, slugs/ft>

value of p at sea level, 0.002378 slugs/ft>

reference value of p used in Appendix VIC, 0.002508
slugs/ft3

slant distance along optical path measured from camera
objective

VI-4
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-
-
GENERAL DESCRIPTION OF PROBLEM
-
-
i
';i
-
-
]
a 1]
An aerial camera, mounted in a hypersonic vehicle, is
- taking a picture in a downward direction at some nadir angle,
L, of a ground object of intrinsic brightness Bo’ surrounded
- by a background of intrinsic brightness BG' The size of the
‘ object is large enough so that questions of resolution do not
arise. Between the object and the camera, the only source
-‘ of scattering is Rayleigh scattering due to air molecules.
The problem of Mie scattering due to haze is thus precluded.
- Because of the sources of illumination, such as sun, earth,
and sky, the atmosphere between the object and camera scatters
some light by molecular scattering into the ray bundle in the
- direction of the camera. This source of illumination will be
. VI-5
aad
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termed air light. Between the head shock wave and the vehicle

lower surface there exists a layer of luminous air through which

the light ray must pass before reaching the window. Beneath
this layer, the apparent brightness of the ground object is

B ' and above it, B ".
o o

In this part of the report, we are concerned with the
effect that luminosity of the air has on aerial photography.
If sufficient contrast between object and background still
persists after passing through the luminous air layers, photog-
raphy can still be performed despite increased brightness by
reducing the exposure time. The effect of the luminosity will
thus depend on the intrinsic contrast at the ground, as well
as the reduction in contrast due to the pervading atmosphere.

The characteristics of the camera and film can have some
bearing on the deleterious effects that luminosity can exert
on aerial photography. For instance, in the luminosity sec-
tion of the final report, Phase I, considerable variation of
the light intensity on the film was calculated for the luminous
layer, assuming the camera has no antivignetting device. In
this section, we will not make such a calculation, and we Will
assume that the camera is equipped with an antivignetting
device. We will thus be concerned solely with the contrast
and brightness as functions of nadir angle. The film-camera
combination will require a certain threshold contrast below

which it cannot produce adedquate aerial photography. This

VI-6
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threshold specified in front of the camera objective will, for
any combination of nadir angle, wave length, Mach number, alti-
tude, etc., specify a ground contrast below which detail cannot
be photographed.

It is of interest to list the assumptions which form the
basis for the present study.

1. The size of the object viewed is large enough to
avoid questions of resolution.

2. Any light scattering bé%ween object and camera is
solely due to air molecules (Rayleigh scattering) and not to
haze, |

3. The intrinsic brightness of a layer of air per unit
thickness under a fixed set of atmospheric illumination con-
ditions is proportional to the air density.

4. The atmosﬁhere is an exponential approximation to the
ARDC atmosphere given by (see Fig. VI-1):
o—ah

P = P, (VI-1)

5. The earth is flat.

6. The resolution of the image is not degraded by the
luminous air layer below that nhecessary to resolve the object
being viewed.

7. The minimum contrast at the camera for marginal
aerial photography is assumed to bé 0.02.

8. The absorption of light by the luminous air laYer
is insignificant.

VI-7
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EFFECT OF ATMOSPHERE ON BRIGHTNESS AND CONTRAST

As previously mentioned, it is first necessary to deter-
mine the brightness and contrast of ground objects being aer-
ially photographed without effects induced by the forward
motion of the ai;craft, if such effects on aerial photog-
raphy are to be évaluated. As a consequence, the purpose of
this section is to determine the contrast and brightness of
ground objects viewed from aloft without effects induced by

forward motion of an aircraft.

Attenuation of Brightness by
Rayleigh Scattering
The basic model being considered is shown in the fol-

lowing sketch:

A bundle of light rays originating at some ground object O
are beamed toward the camera window W. Because of air mol-
ecules., some of the rays are scattered out of the bundle,

and the inherent brightness Bo of the ground object is

VI-8
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- diminished to some apﬁarent brightness Bo‘,.depending on thé
location of the observer. In Appendix ViB, the following_expres—
- sion was derived for the brightness ratio for monochromatic
: light of wavelength A:
- 1
§—°— = efBDL (VI-2)
- o}
where
| B Rayleigh scattering coefficient at sea level (ARDC
- © atmosphere) for wavelength A
: L equivalent searlevel length of optical path
-
o L = -a———(-:—c];—s——a (1 - e™Oh ) (VI-3)
where
- a 1/23,500 £t *
nadir angle
- h  altitude, ft
- It is of interest to obtain a notion of the importance
; of the attenuation for several altitudes and nadir angles.
= The ratio of BO'/BO is shown versus altitude h in Figure
- VI-2{a) for vertical viewing, o=, 09500 ahdfqbliqugmviewing,_
W = 45°, for A = 4000 A. (For A = 7600 A, the attenuatioﬁ
- is 7.7 percent of that for A = 4000 A.) It is seen tﬁat the
maximuam ;oss of brighthess due to the atmosphere is ébout 20
= percent for A = 4000 A and y = 45° An increase in A from
i 4000 A to 7600 A reduces the loss to a much lesser amount: .
about 2 percent. An increase in nadir angle, W, increaSes
- |
VI-9
-
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the loss of brightness. Generally speaking, the effect of
loss of brightness due to Rayleigh scattering has a lesser
effect on contrast than the presence of air light, as will
now be shown. Since BO'/Bo is only a function of BOL,

Figure VI-2(b) has been prepared which, if BOL is deter-

mined, allows the brightness ratio to be found.

Increase in Brightness Due to Air Light
A column of air in the atmosphere is illuminated by sun,
sky, and earth so that the column viewed along its axis will
have brightness due to Rayleigh scattering from these sources

of illumination. <Consider the following sketch which illus-

trates the problem:
7\w

Luminous disk

External light ray

Ground area, ds

The light ray from the sky enters the cone of view of the
ground object being photographed. Molecules in the cone of

view scatter the light ray, and some of the light is scat-

tered in the direction of the camera. The increased brightness

at the camera will be calculated. Such brightness tends to
reduce the apparent contrast of the ground object against its

background.

vI-10
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An elementary area of the ground object ds subtends a
certain solid angle at the camera objective. To obtain the
brightness at the objective due to the air light, focus atten-
tion on a disk of the air column which has inherent brightness
Ba per unit thickness. This brightness depends, among other
things, on sun elevation, amount of cloud cover, etc. It is
assumed that the brightness of a disk of unit thickness is

proportional to the density of the air in the disk. The

apparent brightness at the camera objective of a disk of

R
- JfB dr
r

dB = B_dr e (VI-4)
a a

thickness dr is

where the exponential function represents the attenuation due
to Rayleigh scattering. The Rayleigh scattering coefficient

(Appendix VIB) varies directly with the air density as follows:

P = B éz-= Bo e = Po ™ COS M~ g f£(r) (VI-5)"

so that

R
—Bo jr £f(r) dr
r

dBA = Ba dr e

Let us assume that the brightness of a layer of air of unit

thickness is proportional to the density so that

Ba = Ba(O) f(x) (VI-6)

VI-11
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where Ba(O) is the brightness at sea level. The bri§htnesé

of the entire air column at the camera objective is found by

integration
R
R -Bo [ £ir) ar
B, = Ba(O)J/’f(r) e dr (Vi-7)
0
or '
B_(0) o
BA = _Q____ CL - - 501‘) (VI-E)
Po
where R -
- -QR gos |
= -ar cCos U I N - _
L e dr a cos 1L (VI-9)

The quantity L is the equivalent sea-level length of the
optical path.

The brightness ef the air column at the camera ocbjective,
as given by Equation (VI-8), contains two basic parameters,

B

ficient EO is well-known, and its inverse quadratic depend-

o and B_(0). The value of the Rayleigh scatterimeg coef-

ence on wavelength is given in Appendix VIB. The quantity
Ba(O) is not so well-known, depending as it does on any factor
which can influence the intensity of the light falling on the
air column. We will replace it, as a parameter, with the sky
brightness.

For a good observer lookimg up at the sky., the. apparent
sky brightness BS can be calculated by rewriting Bquation

xr
(VI-7) as —soff(&) a¢

BS = Ba(O)J/mf(r) e ° dr (VI-lO)

0
VI-1l2
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integration yields
O

cos W

Qi |

(VI-11)

If we now let | approach 90°, so that we are looking at the

horizon, the brightness of the horizon is

(VI-12)

This relationship will be used to replace Ba(O) with
the horizon brightness as a parameter in the following section.

The relationship holds for each wave length in the luminous

spectrum.

Contrast for Downward Viewing from Camera
Objective; Brightness

The contrast of the ground object against its background
will now be determined, together with the brightness of the
background as a result of attenuation by Rayleigh scattering
and augmentation by air light. The following analysis, like
that preceding it, applies strictly to monochromatic light.
By integration, the total effect for either object or back-
ground can be obtained for the spectrum of interest.

The intrinsic brightness of the object at the ground is
Bd’ and the intrinsic brightness of the background is BG'
The comparable values after passing through the atmosphere,

but before passing through the luminous layer are Bo' and

VI-13

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

BG'. The intrinsic contrast is defined to be

C = __B;——' (VI-13)

If the object brightness is zero, C is -1; if the object
is infinitely bright, C = ». At the camera cbjective, Bo
and BG have been attenuated by Rayleigh scattering in

accordance with Equation (VI-2), but have been augmented by

air light in accordance with Equation (VI-11). Accordingly,

we have
B ' =B e-BOL + BH(E - e-ﬂoﬁ:) (VI-14)
o o
[ - —BOL + - —6OL -
B, B, e B, (1 e (VI-15)
The contrast at the camera is now
-B.L
B'-B., (B -B. ePo
G G

From Equations (VI-13), (VI-14), and (VI-15), it is easy to

show that

c' _ 1 = 1
c fg ePol _ 4 By BoL
1+3 -Bo/a cos 1+ B. \° -1
G\l - e VO H G

(VI-17)

The contrast-reduction ratio C'/C is thus a function of
BOL and BH/BG. This latter parameter, the sky-ground ratio,
varies with the sky condition and the background condition on

VIi-14
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the earth. It can vary through several orders of magnitude.

Typical values are included in the following table:

Sky Condition Background BH/BG
Clear Fresh snow 0.2
Clear Desert 0.4
Clear Forest 4
Overcast Fresh snow : 1
Overcast Desert 7
Overcast Forest 25

The above values are approximate across the visible spectrum.
For an overcast sky where most of the ground illuminance is
due to scattered light, the ratio BH/BG is approximately
equal to the reciprocal of the ground reflectance. Under a
clear sky where much of the illuminance is due to direct

light, the ratio is lower. The values of B correspond to

G
the local background against which the contrast is being
assessed. The values of BH/BG can range through several
orders of magnitude and can have a similar range of effects
on contrast-reduction ratio.

The parameter BOL depends on the wave length (because

of BO), nadir angle, and altitude for a clear atmosphere

with Rayleigh scattering

B -~
SOL cos U = E? <? - e—aﬁ> (VIi-18)

The value of BoL cos U is plotted versus wave length with

altitudes as parameters in Figure VI-3. It is noted that by
VI-15
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the time h has reached 40,000 feet, the value of 6OL has
reached about 85 percent of its value for h = . An increase
in wavelength from 4000 A to 7600 A causes about a 13-fold
decrease in 5OL. This figure establishes the range of BOL
values for Rayleigh scattering. For haze, the values can
easily increase by an order of magnitude.

To illustrate the effect of BOL and BH/BG on the
contrast-reduction ratio C'/C, Figure VI-4 has been prepared.
Here the ratio C'/C is plotted versus BH/BG for constant
values of BOL for the ranges of these values established
earlier. Since BOL cos U varies from 0 to 0.277, BOL will
range from 0 to 0.391 if u £ 45°. It is clear that increas-
ing sky-ground ratio BH/BG has an important effect on the
reduction of contrast. For large values of this parameter,
it is clear that much air light 1is scattered into the beam
incident on the objective, reducing the contrast by increas-
ing the brightness of the background. An increase in the
parameter BOL decreases the contrast by attenuating the
original light and by increasing the air light. A combina-
tion of Figures VI-3 and VI-4 gives a relatively rapid means
for evaluating the contrast-reduction ratio C'/C as a func-
tion of wavelength, altitude, nadir angle, and sky-ground
ratio. It is to be remembered that the assumptions listed
previously have been made. Haze can have such a powerful
effect on contrast that it overrides that due to Rayleigh

scattering.

VIi-16
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EFFECT OF LUMINOUS LAYER ON
BRIGHTNESS AND CONTRAST

The effect of the atmosphere on the brightness and con-

trast of a ground object and its background as seen at the cam-

"era objective has been examined in the preceding section of

this part of the repott. In addition to the atmospheric-

induced effects, an increase in the brightness level of both

'the object and the background and, hence, a reduction in con-

trast may result at hypersonic Mach numbers because of the
luminous layer of air surfounding the vehicle between the
vehicle surface and the shock wave. It is therefore the
purposeréf this section to determine the increase in bright-
ness at the camera objective due to the luminous layer -and,
also., the confrast of ground objects viewed from the camera
objective, including effeéts induced by both the atmosphere:

and the luminous layer.

Increase in Brigﬁtness Due to
' the Luminous Layer

As the flight Mach number increases, the temperature 6f
the air in the region between the shock wave andvfhe vehicle
surface increases until it radiates energy in the visible
spectrum. In attempting to photograph the ground from this
vehicle, the optical system will have to look through a vol-
ume of this luminous gas which will produce a certain bright-

ness at the camera objective. Consider the following sketch:

vIi-17
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Camera

aw Shock wave

In the sketch, we have a vehicle flying at an altitude, h

o
above sea level at a Mach number, Ma. Let the ground object
which is being photographed lie at some nadir angle, W, with
respect to the vertical and subtend a solid angle, dw. Conse-
quently., in viewing this ground object, the camera must look
through the volume of luminous air between the vehicle surface
and the shock wave which is determined by the solid angle,

dw. This volume will produce a certain brightness at the
camera objective which will now be determined. For this

purpose let us look at the next sketch.

Camera objective

\\\\\\\\“~\\_ Vehicle surface

.Shock wave

vi-18 )
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Let the element of volume, dSdé, of the gas between the

vehicle surface and the shock wave have a brightness, bL

Then the brightness at the camera objective of this disk of

thickness d€ is

dB, = deﬁ (VI-19)

By integrating along the length of the path from &J to

62, the brightness at the camera objective of the volume of

luminous gas determined by the solid angle, dw, is obtained

g
L = b dé | (VI-20)
£

1
The limits of integration, 61 and 62, can be obtained from

2

w
|

the geometry of the vehicle, the camera objective location, .-
and the shock-wave stand-off distance, which is determined in
Part IIT of this report.

The last quantity to be determined is the brightness,gf_J
an element of volume of the lﬁminous gas. Récently, dataﬂhaye i:
been published (Ref. 2) which tabulate the absorption'coeffic-
ient of air as a function of wavelength for various densities
and temperatures. In Appendix VIC, the method of converting
these absorption coefficients fo brightnesses is presented,
and the results of this conversion are Presented in Figures

VI-5 through VI-7. It should be pointed out that the results

VI-19
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presented in Reference 2 are purely theoretical and have not
been verified by extensive experimental results. These
results are based on calculations of the chemical composi-
tion of air in thermodynamic equilibrium by Gilmore (Ref. 3).
Let us return to Equation (VI-20). 1If the temperature
and density in the region between the vehicle surface and the
shock wave were constant, bL would be a constant and could
be taken outside the integral sign and the equation integrated
analytically. However, Parts III and IV of this report have
shown that large changes in temperature and density occur in
this region. The methods of Parts III and IV, therefore,
must be used to find the temperature, T, and the density, p,
as functions of £ and these variations then used to find the
bL variation. This curve can then be integrated graphically
from &l to &2 to obtain B, .
We have neglected absorption in the calculations. For
a2 luminous layer of air at 10,000° F and a density of 0.01
atmosphere, it is estimated that the radiating gas layer
must be 10® centimeters thick before it produces a radiation
intensity equal to that of a black body at the same tempera-
ture. For temperatures and densities which will generally
exist in the luminous layer occurring within the scope of the
present work, the thicknesses required will be larger since
they vary directly with the fourth power of the temperature

and inversely with the density. Absorption is therefore
VI-20
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negligible, provided the actual path length is small compared
with 10° centimeters. For the present configuration, such

will be the case.

Contrast for Downward Viewing from Camera Objective
Ingluding Effect of Luminous Layer

Let us now determine the brightnesses and the contrast
of the ground object against its background, inclddiﬁg"the
effects of Rayleigh scattering, augmentation by air light,
and augmentation by the luminous layer. Equations (VI-14)
and (VI-15) give the brightnesses of the object and background
at the camera objective, respectively, including the attenua-
tion by Rayleigh scattering and augmentation by air light.
Since both of these brightnesses are increased by the bright-
ness of the luminous layer, the following expressions cén be
written for the brightnesses of the object and the background

at the camera objective, including the three effects:
" . Bl Bl
B = B + B, = B_e + By (1 -e + B, (VI-21)

L1} ' _B OL _5 OL
Bg" = Bg' + B = Bge + By (1 ~-e | + B (vi-22)

The resulting apparent contrast is defined in the same

manner as in Equation (VI-13) so that at the camera objective

it is
B 1 _B "
c" = _EE__"__G_  (VI-23)
L Bg o , _ ,
vVIi-=-21
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and if Equations (VI-21) and (VI-22) are used,

B - B
ok = 2 ___ 6 - G e_BOL (VI-24)
BG

The reduction in contrast by the luminous layer is the
ratio of C" to C'' where C' 1is the apparent contrast
between the object and the background just below the luminous
layer. From Equations (VI-14) through (VI-16), (VI-22), and

(Vi-24), this ratio is

| —BOL ( - —5 ID
C_" _ BG BGe + BH 1 e "o

c W “Rol P
Bge + By (1 e > + B

@

l -
1+ BL/[BGe"BoL + B O _ e-BdL)] (VI-25)

This equation can be rewritten in the following form:

[ !
c! L+ G EBOL/B> 1
L S/ |1+ (BH/BG)CEBOL ~ 1)
and »
c" 1
= = (vi-26)

o Boli /n
&+ BLe /Bé>"'

Therefore, in addition to the parameters occurring in Equation
(VI-17) ., the loss of contrast due to the luminous layer also
depends on the ratio of the brightness of the luminous layer
to the brightness of the background. It is to be noted that

the brightness of the luminous layer depends on wavelength as

well as nadir angle.
VIiI-22
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The brightness of'the backgfound depends on ﬁhe solar
irradiance and the spectrél feflectance of the object as
shown in Appendix VIb;. The solar irradiance is the amount
of radiant energy from the sun incident per unit area on a
plane perpendicular to the sun's rays. This quantity is
dependent on the thickness of the air layer through which
the rays pass. When the sun is at its zenith, the light
rays are passing through one air mass. As the zenith angle
increases, the air mass through which the rays pass in-
Creases. Represehtative values of solar irrédiance taken

from Reference 5 are given in the following table:

Solar Irradiance, watts/cmZ-micron

Wave length Zenith Angle Solar Irradiance
Ay 0° 8 x 10 2
7 W 0° 1.3 x 10 ¢
4y 60° 5 x 1072
.7 W 60° 1.1 x 10°*

The spectral reflectance of an object is the percentage
of the incident energy of a given wave length which is
reflected by the object.' Reference 6 presents quite an
extensive tabulation of spectral reflectances for various
types of terrain. The tables for three of these types are

reproduced here in Table VI~-1.

VI-23
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The brightness of the background is the product of the
solar irradiance and the spectral reflectance of the terrain
being viewed. The range of values which this gquantity, BG'
can take on is from about 10”2 to 10”%. The value of 10~ °
corresponds to viewing a forest in the afternoon with light
of wave length 0.4 microns. The value of 10 ' is for the
same wave length but for viewing fresh snow when the sun is
at its zenith.

To show the effect of the various parameters in
Equation (VI-26) on the final contrast ratio Figure VI-8
has been prepared. Figure VI-8(a) has C"/C plotted

against BL/BG for the entire range of the latter parameter

while Figure VI-8(b) is an enlarged plot of the right-hand

end of the curves.

vVIi-24
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RESULTS AND DISCUSSION
The preceding section_of this part of the report

described a number of sources of reduction in contrast
between an object on the ground and its background when
observed from a vehiclé operating at a high altitude and
Mach number. The possible sources of reduction in contrast
studied were:

1. Rayleigh scattering

2. Air light

3. Luminosity

The reduction in contrast due to the combined effects

6f air light and Rayléigh scattering is shown in Figure Vi-4.
In this figure the ratio of the contrast after these effects
have been taken into account to the intrinsic céntrast_at
the ground is plotted against the ratio of the horizon bright-
ness to the background brightness. Representative values of
this latter ratio are tabulated on page VI-15. This figure
clearly shows that the greatest contrast reduction results
for large values of BOL and dark backgrounds, The parameter
BOL is a function of altitude, nadir angle and wave length
as is shéwn by Figure VI-3. Since in the bresent study we
are interested in high altitudes, we can direct our attention
to the infinite éltitude curve. Figures VI-3 and VI-4 show
that the contrast reduction due to air 1ight and Rayleigh

scattering can be minimized by using the longer wave lengths

of light and small nadir angles.
VI-25

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

The reduction in contrast due to the luminous layer of

air surrounding a high speed vehicle is shown in Figure VI-B.

In this figure the ratio of the contrast after accounting
for Rayleigh scattering, air light, and luminosity to the
contrast before these are taken into account is plotted
against the ratio of the brightness of the luminous layer
to the brightness of the background. 1In order for C"/C
to differ from C'/C by a significant amount, BL/BG must
be greater than 10™ % to 10°2. From the discussion in the
preceding section, BG can have values as low as 10”2 so
that .BL must be greater than 10™* or 107° in order for the
luminous layer to cause a noticeable reduction in contrast.
Values of the brightness of the luminous layer for the
flight conditions and configurations of Part II of this
report have been determined. Except at the highest Mach
numbers at the 250,000 foot altitude, the temperatures in
the flow field (see Parts III and IV) were well below the
temperatures required for the gas to radiate significantly
in the visible spectrum. The data of Reference 2 indicates
that for temperatures below about 2500° K air does not
radiate in the visible spectrum. Consequently, the Mach
number range of Part II was extended for the purpose of
making the luminosity calculations. The results of the
calculations are presented in Figures VI-9 and VI-10 for

the two configurations and three nadir angles (-45°, 0°, 45°9)

VI-26
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and two wave lengths of light (.4 and .7 microns). An exami-
nation of these figures allows the following observations to
be made about the brightness of the luminous layer:

1. It is greater on the wing than on the cone for the
same flight conditions since the surface of the wing is
inclined at a greater angle with the flight direction there-
fore causing higher temperatures.

2. It is greater for a nadir angle of 45 degrees since
this is the case for which the ray path length through the
luminous layer is the longest.

3. It is greater for the shorter wave length, 0.4
microns.

It is of interest now to point out how Figures VI-3,
VI-4 and VI-8 through VI-10 can be used to determine the
required ground contrast in order to have a specified con-
trast at the camera objective. To do this let us consider
an example. The desired contrast at the camera objective,
C", dis 0.02. The wave length under consideration is 0.4
microns and the photography is being taken from a cone
flying at 150,000 feet at a Mach humber of 20. The nadir
angle is 0°. From Figure VI-3 the value of B,L is 0.28.
If the background being observed is a forest, then for a
clear sky BH/BG (see table on page VI-15) is 4.0.

Figure VI-4 enables us to find the contrast ratio after

accounting for Rayleigh scattering and air light. This is

vI-27
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. found to be approximately 0.43. If the pictures are being
taken at noon, the ground brightness is obtained from the
value of the solar irradiance (p. VI-23) and the spectral

reflectance (Table VI-1). This is (from Eg. VID-4)

- -2 ps
By = (8 x 1072 (o.o33)(w)
= 0.84 x 10~ 3

The brightness of the luminous layer from VI-9(b) is

—_ -4
BL = 6.3 X 10
Therefore
B
igi = 0.75
G

and from Figure VI-8(a) the final contrast ratio is
c" ..
o = 0.30

Since we have said that the minimum acceptable contrast
at the camera objective is 0.02 (C" = 0.02), the intrinsic

contrast between the object and its background must be

il
o
)
oy
~J
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CONCLUSIONS

The following conclusions can be drawn from the work
presented in this section of the report.

1. A rational criterion has been developed for assess-
ing the imporﬁance of air luminosity on aerial photography.
The methoa first determines the loss of contrast due to air
light and Rayleigh scattering and then determines the further
reduction due to luminosity.

2. The loss of contrast due to Lightrscattered out of
the cone of view in a Rayleigh atmosphere is genefally less
than that due to external light scattered into the cone of
view.

3. In order for the luminous air in the flow field
surrounding the vehicle to reduce the contrast further at
the camera objective, the brightness of the luminous layer
at this point must be greater than 10~ % or 1075 watts per
square centimeter per steradian per micron.

4. The contrast at the camera objective for photography
taken from the blunt cone configuration at a wavelength of 0.4
microns at the flight conditions outlined in Part II will not
be reduced by luminosity. Luminosity does affect that taken
from the swept wing at this wavelength at the high Mach numbers
and the 200,000 and 250, 000-foot altitudes. At the longer

wavelengths this effect disappears.

VI-29

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

RECOMMENDATIONS

A5 a result of the investigation carried out in this part

of the report, the following recommendations for minimizing
the loss of contrast are made:

1. The camera window should be mounted as far forward
on the nose of the vehicle as possible in order to minimize
the distance which the light ray must travel through the lum-
inous layer.

2. For the same reason as above, the viewing direction
should be as close to vertical as possible.

3. The loss of contrast due to air light and Rayleigh
scattering can be minimized by using film sensitive to the
longer wave lengths of 1light.

The following recommendations are made with regard to
areas of possible future study:

1. Vvarious film and filter combinations should be ex-
amined with the aim of determining the combination which
minimizes the loss of contrast.

2. The effect of angle of attack of the swept wing
glider should be investigated.

3. A similar study should be made for the infrared and
microwave wavelength bands. |

4. Upward viewing should also be studied so as to de-
termine the region on the Mach number, altitude diagram
where guidance systems utilizing celéstial navigation may be
expected to operate satisfactorily.

VI-30
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- APPENDIX VIA
i .
RELATIONSHIPS BETWEEN FLUX, INTENSITY,
1 AND BRIGHTNESS
-
The following sketch will be used to define the various
- physical quantities:
-
- ds " - ‘5?‘ds, Receiver
‘ Radiator -
-
»
™
-
-
Let the total energy radiated by the receiver be E ergs.
ij*‘ The total flux is defined as the energy per unit time.
dE - total
vt ar — ‘total flux, ergs/sec
- Consider now the monochromatic flux, that is, the flux per
unit wavelength (microns)
e 2
d”"E ,
= monochromatic flux, ergs/sec-micron
dtdA
e The emittance is the flux per unit area of the source
: =
v d E _ . , 2
dtas - emittance, ergs/sec~cm

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0
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The foregoing quantities are properties of the source that
are independent of direction. However, such properties of

the source as intensity and brightness are directional.

The intensity of the source for a particular direction

is the flux per steradian.

2
gtgm = intensity, ergs/sec-steradian

Intensity is a property of the source which is independent
of distance.

The brightness of the source in a given direction is
the flux per steradian per area of the source normal to the

direction of view (dsn).

3
dtgagg—‘ = brightness, ergs/sec-steradian-cm2
n

The area dsn is simply
dsn = ds cos ¢

Brightness, as defined, is independent of the size of
the source and the distance from it for no absorption or
scattering. The property of brightness is of particular
significance in this study because of its close relation-
ship to contrast.

The physical guantities of emittance, intensity, and
brightness have been defined independent of wave length. It
is clear that they can also be defined monochromatically

and we shall use them principally in this connection.

Vi-32
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The propérty of_brightness, which depehds intrinsically
on the soufce and the viewing direction, can be rélated to |
the energy being received at a receiver suéh‘AS‘.dS. In.
fact, it can be shown that the flux per unlt recelver area
normal to the line of sight per steradian bubtended by the
source is numerically equal to the brlghtness;‘:By its
source definition, | |

a3e

B = dtdwds
n

At the receiver, the flux is

3

d°E _
ot (B dw) ds cos ¢
We have
o = 48 ch e an = 8s ;qs ¢
: r r
so that
a’e ds cos 6 o
At = B o ds cos‘¢,
r /
= B dS_ dA
n .
p = _4E
dtdAdsn

Thus, the brightness is equal to the flux per unit réceivér
area normal to the line of sight per steradian subténded

by the source at the receiver.

VI-33
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APPENDIX VIB

ATTENUATION OF IMAGE BRIGHTNESS BY
RAYLEIGH SCATTERING

The molecular scattering of light through a uniform
medium is described mathematically by the Rayleigh scatter-
ing coefficient. If the brightness of a light beam at its
source is BO, the brightness is decreased by molecular

scattering in a manner depending exponentially on prath length

as follows:

-BOL
B = B e (VIB-1)
where
L path length at sea level
B Rayleigh scattering coefficient at sea level

o
The reciprocal of the Rayleigh scattering coefficient is
the length of the optical path at sea level necessary to
reduce the brightness by a factor 1/e.

The coefficient ﬁo is given by

3273(n - 1)2

Bs - (VIB-2)
where
N molecules per cm®
A wave length, cm
n index of refraction
n-1 0.116p
p density, slugs/ft?
VI-34
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At sea level in the ARDC atmosphere (Ref. 4),

2.54 x 10*° molecules/cm3

N

0.002378 slugs/ft°

P

For a wavelength of 0.4 microns; that is, 4 X 10" centimeters,

we find
_ (32) (%) (0.116)2(0.002378) % -1
50 ) 19 4 -20 cm
3(2.54) 1077 (4)*10
= 1 -1
By = 257 km

For nonhorizontal viewing, the density is not uniform,
and Equation (VIB-1) must be expressed in differential form

and integrated along the path. In differential form,

a8 = -B_e PU B dx
o
%E = -B dx (VIB-3)

For a fixed wavelength, f varies directly with the density

so that, from Equation (VI-1),

B = B, (p/py)=pse Y (VIB-4)

Consider a light path from the ground upward at some ze&riith

1 .
angle W . v

Pl o

VI-35
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- _ -ay
B e=."”"’°°“‘“dx—-————B"e 4
B o - cos | Y
B
B, - [P
log B =—2L __ T
a cos
B0 0
B B -
log-é——z_:___o..__ (l_eah>
o a cos u

Let us define the equivalent sea-level path length as L

so that
1 =
L = ——ror <1 - e ah) (VIB-5)
a cos |
then
-8, L
B = B e (VIB-6)
VI-36
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APPENDIX VIC

CONVERSION OF ABSORPTION COEFFICIENT
DATA TO BRIGHTNESS

Reference 2 contains a series of tables of absorption
coefficients as a function of wavelength, density, and teme
erature. These coefficients have been calculated using the
tables of Reference 3 to obtain the chemical composition of
air in thermodynamic equilibrium at the various temperatures
and densities. 1In order to utilize this information in the
present work, it is necessary to convert the absorption coef-
ficients to brightnesses. This can be done in the following
way .

For a slab of gas of thickness, r, in thermodynamic
equilibrium at a temperature, T, the brightness (see

Appendix VIA) for monochromatic light is given by

B, = 4B _ 1 - e H'AT ——h—dé‘EB (vIic-1)
L dtdadAds € dtdedhds -
where
4
d Ep - 2hc®
dtdwdAds, A5 G-hc/kTA_l (VIC-2)

is the brightness of a black body, and
W'y = Uy G - e'hc/kTS (VIc-3)

is the apparent absorption coefficient. The factor in paren-
theses corrects the true absorption coefficient for induced

emission.
VI-37
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For the special case of an optically thin gas layer,

]
p'yr << 1.0
we find
2
B, ¥ ,.r (2he” -hc/KTA (VIC-4)
L A 33
or
b2 B o 2hc® _-he/KTA (VIC-S)
L dar Ha 35
where
bL brightness of a unit volume of luminous gas,
watts/cm3-steradian-micron
h Planck's constant, 6.6253 x 10 27 erg sec
k Boltzmann's constant, 1.3804 x 10™!® erg/°K
c velocity of light, 2.9979 x 10*° cmy/sec
T temperature, °K
A wave length, A
by absorption coefficient, cm !

If the above constants are substituted in Equation (VIC-5),

the following expression is obtained for converting the absorp-

tion coefficient for a specific wave length and temperature to

brightness:

_1.43885 x 10°

b, T 119.090 x 1022 275 e AT (VIC-6)

This conversion has been made for the following cases

and the results are presented in Figures (VI-5) through (VI-7):

VI-38
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o, Ok p/Po*

3000 107, 107%, 107°, 107%, 1075, 107°
4000 ditto |

6000 \ ditto

The qugntity pb* is the value of the standard deﬁsity used

in Reference 3

1.2931 x 10 3gm/cm®

©
*
I

2.508 x 10~ ° slugs/ft3

VI-39
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APPENDIX VI-D

DETERMINATION OF GROUND BRIGHTNESS

In determining the contrast loss due to the luminous layer,
the important parameter is the ratio of the ground brightness to
the brightness of the luminous layer. It is the purpose of this
appendix to explain how intrinsic ground brightness has been
determined. <Consider the sun at zenith angle v with a unit

area normal to the sun's rays

~
T S Al .~~~ -~ Ground

ds
g

Let In be watts per cm? per micron incident on area dSn nor-
mal to the sun's rays. Let I, be the watts per cm® per micron

on the ground area dsg due to the sun and sky. Then we have

I, = I, cosy (VID-1)

The values of In are given for several wave lengths and
zenith angles on page VI-23.

Let us now suppose the ground is a diffuse reflector of
reflectivity « for a given wave length. We can then imagine

A

the ground to be a source of emittance Igrk. In the

VI-40
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terminology and symbols of Appendix VIA, page VI-31, we have

a°e
dtds_dnx
g

Emittance = = I cos yr

n (VID-2)

A

Since we have assumed the ground to be a diffuse source fol-
lowing Lambert's law, its brightness does not depend on the

viewing angle and has the value Bg

I cos vy r,

Bg = - (VID-3)

To derive this result consider the following configuration:

77

3

The ground brightness by definition is on a monochromatic

basis

B = d*E
g dtdw(dsg?cos ¢)dr

where ng cos ¢ is the area of the source normal to the
viewing direction and dw is the solid angle that the re-
ceiver subtends at the source. Consider circular elements

Oof the hemisphere as shown above as the receiver. Then

2rr sin ¢ rdo

rE‘

dw = = 27 sin ¢ d¢

- VI-41
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Since the brightness is independent of ¢ for a diffuse source,

we have

d*E
dtds _axds " By cos ¢

Performing an integration over a hemisphere, we have

a° 7/
_4d°E__ _ - .
3tas ax - Bg fcos ¢ dw 27ng f sin ¢ cos ¢ do¢

d o
= 7B
g
Thus we have
5 1 _di‘i‘.__ _ I_ cos ¢ ry (VID-4)
g T dtngdX B T
vi-42
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TABLE VI-1.

A
)

4000
4200
4400
4600
4800
5000
5200
5400
5600
5800
6000
6200
6400
6600
6800
7000
7200
7400

7600
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Fresh

Snow

0.830
0.825
0.821
0.815
0.806
0.798
0.790
0.780
0.770
0.760
0.756
0.748
0.740
0.730
0.720
0.710
0.700
0.690

0.680

Desert

VI-44

0.118
0.122
0.142
0.158
0.172
0.186
0.202
0.221
0.242
0.262
0.273
0.279
0.282
0.283
0.286
0.290
0.295
0.302

0.309

SPECTRAL REFLECTANCE OF NATURAL OBJECTS

Forest

0.033
0.036
0.040
0.042
. 046
.050

o O O

.063

o

.083

o

.088
.080

.078

o o O

.079
0.078
0.077
0.09°%
0.140
0.189
0.225

0.251
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Figure VI-1.- Comparison of exponential approximation with ARDC model of
earth atmosphere.
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1.0,

0 40 80 120 160 200

Altitude x 10”3, ft.
{(a) AN = 4000 A

Figure VI-2.- Effect of Rayleigh scattering on object bright-
ness with no air light.
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Figure VI-2.- Concluded.
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Figure VI-4.- Contrast-reduction ratio due to air light and Rayleigh scattering for a
clear atmosphere.
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PART VII: OPTICAL RESOLUTION

INTRODUCTION

In Phase I certain wind-tunnel data were applied to
the prediction of the loss of resolution caused by turbulent
boundary layers in flight up to altitudes of 100, 000 feet
and Mach numbers up to 5. In Phase II of the preéent study
the émphasis haé been placed on the Mach number range above
5 and on altitudes above 100,000 feet. It turns out that
for the example configurations studied herein the boundary
layers are almost always laminar over the windows. With
respect to Figure III-6, if we choose the transition Reynolds
number to be 0.5 X 10° in accordance with Part IIT, then
the flow is always laminar over the window for the blunt
cone. With respect to Figure III-11, the flow over the
window mounted in the blunt swept wing will probably be
turbulent at about 100,000 feet altitude, but is laminar
at slightly greater altitudes. Accordingly there will be
no loss of resolution due to turbulence except possibly for
the swept wing at the lowest altitude. As a result no
turbulent boundary layer calculations were made in Phase II.
Also no systematic calculation of resolution boundaries
in the Mach number, altitude diagram were made.

In the course of the present investigation, several
points in connection with the application of the wind-tunnel

data of Reference 3 to hypersonic flight have arisen. The

VII-1
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correlation of these wind-tunnel data for the loss of
resolution due to a turbulent boundary layer is semi-
empirical. Furthermore, it is based on data taken in a
supersonic wind tunnel where the»air at the outer edge of
the boundary layer is cooler than the outer surface of the
window. 1In flight just the opposite case prevails; the

air at the outer edge of the boundary layer in hypersonic
flight is much hotter than the outer window surface tempera-
ture as shown, for instance, in Figures III-9 and III-10.
As a result the boundary layer condition in flight is quite
different than in the wind tunnel. A modification of the
method of Liepmann, Reference 4, is now suggested which
might help in the study of the foregoing problem. The
modified method may also be useful in the study of real

gas effects.

VII-2
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INVESTIGATION
In viewing through a turbulent boundary layer a par-
allel bundlé of light rays is scattered due to density

inhomogeneities in the boundary layer.

Window
AV AN N VA B A W W W N WA A VAN
‘ O
O
®)
o}
O
| o "L\
B L
— =V 'y
| <

If the distribution and magnitude of these density inhomo-
geneities is known, it is possible to trace the Uscattering"
of a ray. They are, however, statistically random in space
and time. The analysis of scattering by turbulent boundary
layers is thus highly dependent on the fluid mechanics of
turbulent flow. Liepmann in Reference 4 has made a rational
analysis based on the mechanics of turbulent flow to indicate
the controlling parameters in scattering.

The density in the boundary layer at any point is
the sum of a time average Po plus a fluctuating component,
p'-

P = pg *+p' (VII-1)
VII-3
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Now a general relationship for the index of refraction in

terms of density is

n-1 = Kp
K = 0.116 ft®%/slug (VII-2)
p = slugs/ft®

Let no(x) be the index of refraction corresponding to
the average value of p and let V(x) be a small quantity

denoting the fluctuation of n
n = no(x) (1 + V) (ViIi-3)
Liepmann introduces the correlation function which is a

measure of how fluctuations in V are correlated at two

points as a function of the distance between them.

&), &),

R |x-¢| = (VII-4)
vV
dy.
where the bars denote time averages. If ‘x-q = 0, then

R = 1. Liepmann then assumes two forms of the correlation

Case A
R]x-g] y

A

o

) {x:é[

L ]

P>

VII-4
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Case B

R’x—&‘ A

(S 3

[t

The mean square angular deviation of the light ray at the

window is
&

2 - 2 | av =3 .
o T e f[ n (x) n (&) (§5) R |x-¢| ax at (viI-s5)
o J

O O

In case A, we have

2 _ 2 JV\2
€ = n o) jf no(x) dx no(&) <§§- dae
° o x=-0N 2
o)
=2 _ 2 .A. 2 BV a
Gw = N 2(6) [ no (x) “5? dx (VII-6)
© o
e}
= 2 A 1 S
€ = n 2(0) 5 J( no2(x) 3 dx
o
o
VII-5

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

In case B, we have

AT 62[[:10(:«) "o (&) (B'ir’ dx dg | (VII-7)
o}

o O

Case B refers to turbulent fluctuations which are perfectly
correlated across the boundary layer, while case A refers to

turbulence fluctuations whose scale A is small with respect

to-the boundary layer thickness. Since this latter case appears

more plausible, let us confine our attentions to it henceforth.
In evaluating the integral of Equation (VII-6), we note
that the index of refraction varies from 1.00028 for a density
corresponding to normal condition at sea level to 1.0000 for
zero density. We can then take it out of the integral and

set it to unity. Thus

2;5 = 2 A6 %f(-g-%)e dax (VII-8)

The next assumption is that the mean square fluctuation

]
o

v2 divided by the length over which the fluctuation takes

place squared (A®) yields the mean sguare gradient

(av 2 vz
5_};) = (VII-9)

AE

VII-6
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We can now relate the mean square fluctuation in index of

refraction V# +to the density fluctuation.
n® = n % (1+2V+ v

1+ 2 K (pO + p') + K2 (p02 4+ 2 Po p' + p‘2)

3
]

Taking time averages

so that

Vve - g (p') 2 . (VII-10)

We must now make an assumption to estimate the magnitude of

the density fluctuations. In this respect we depart from
Liepmann by making a local similarity arqument. We assume
that if p and u are the local values in the boundary

layer and P and u, = 0 are the values at the window, then

V (p)® (u')®
lp'pw| = > (VII-11)

where u' is the axial velocity fluctuation. With this

assumption,

(%}92 - ﬁi};__ﬁ - fz J§_2>_2 |P‘Pw‘2 (VII-12)

VII-7
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Equation (VII-6) now becomes

2 A2
w2 2 AS . = <€%>
A2

M
]

6
1
(4] lrng =
o

(VII-13)
o]
2 7ane [ 1 p-p,, |
2 _ 28 _ u’ EY v
W
[}
This result is based on the further assumption that
1/ 2
the turbulence (j(u’/u)aj> is sensibly constant across
the boundary layer. We see that the mean angular scatter-
/2

ing <€w2> of a light ray, which is a measure of the

loss of resolution, is thus
l. Proportional to the percent turbulence
2. Inversely proportional to VY A

3. Proportional to V § and (nw - 1)

Another important parameter is the dependence of the integral
on the density distribution through the boundary layer.

This distribution depends on Mach number at the edge of the
boundary layer, temperature at the edge of the boundary

layer, and window temperature. In fact a method for obtain-
ing the density distribution is given in Part IV for a 1/7-power

turbulent velocity profile and a real gas.

VII-8
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DISCUSSION AND CONCLUSIONS

The foregoing derivation is meant as an apprcxiﬁate
method for investigating the effects of boundary layer
scattering when boundary layer density profiles differ
from those under which experimental measurements have
been made. At hypersonic flight speeds such density pro-
files are quite different from those obtained in. supersonic
wind tunnels.

The'foregoing analysis is quasi-rational, containing
as it does several assumptions which cannot be justified
because of\the lack of understanding of the mechanics of
turbulent flow. It is, however, sufficiently rational to
contain the elements of its own verification or modifica-
tion as the mechanics of turbulent flow becomes better
understood. Calculations based on the method might lead
to insight into the question of whether resolution loss is
increased by going from the wind tunnel to flight. It may
be useful in the studybof real gas effects.

While we have concluded that turbulent boundary layers
for the present configurations are not important above a
100,000~foot altitude, it would be a mistake to assume that
this result is general. The blunt swept wing in this study
is always at 20 degrees angle of attack and the window is
only 6 feet behind the nose. For reentry gliders at high
angles of attack with windows mounted far behind the nose,

turbulent flow can be important at much higher altitudes

VII-Q
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than 100,000 feet. Ablation may also cause the boundary

layer to be turbulent.

RECOMMENDATIONS

While the foregoing analysis is quasi-rational, it
might form a successful basis for the correlation of the
data of Reference 3. 1In fact it is recommended that the
data of Reference 3 be correlated if possible on the basis
of the present theory or a modification thereof.

It is recommended that Liepmann's analysis be extended
to infrared and microwave radiations to obtain a knowledge
of how turbulence influences these radiations.

There is a definite need for flight test information
on the loss of resolution due to turbulent boundary layers
at supersonic speeds. Such tests are hard to carry out and
must be carefully designed and executed if they are to
produce meaningful results. Such tests should be designed
to produce data comparable with the wind-tunnel data of

Stine and Winovich.

VII-1O0
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PART VIII: REFRACTION AND METRIC DISTORTION

INTRODUCTION

The purpose of this part of the present report is to
extend the refraction and metric distortion studies reported
in the final report issued under Phase I of this contract
(Ref. 1) to higher Mach numbers and altitudes. In the Phase I
study, the investigation was limited to Mach numbers of 5.0
or less and altitﬁdes not exceeding 100,000 feet. The pre-
vious study used a sharp cone as a typical configuration.
Since this is not a representative shape for a configuration
which will operate at Mach numbers above 5.0, the calculatiéns
of this part of the present report will be made for a cone
with a hemispherically blunted nose and for a highly swept .
blunt wing with a cylindrical leading edge. Both of these
configurations and the flight conditions for which the calcu-
lations will be made are described in detail in Part II.

The following sources of refractions, and the associated
metric distortions, will be considered:

1. Window curvature caused by aerodynamic heating

2. Boundary layer on the vehicle surface

3. Flow field between the boundary layer and the
bow shock wave

4, Bow shock wave

5. Atmosphere

VIII-1
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These are the same sources as were considered in Phase I
(Ref. 1). Consequently, the equations of this reference
for determining the refractions and the resulting ground

displacements could be used in the present study if the

correct flow field surrounding the vehicle was used. The
flow-field determination of the Phase I study is not suitable
for the present study for two reasons. First, the method
presented there is for a sharp cone, and second, the method
is for an ideal gas. At the Mach numbers considered in the

present study, the temperatures in the flow field surrounding

the vehicle become high enough soc as to cause real-gas effects,

such as dissociation and ionization, to become important.
These real-gas properties may affect the refractions in at
least two ways:

l. By changing the specific refractivity of the gas
(the constant relating the index of refraction to the density)

2. By causing a considerable change in the density
variation in the near flow field over what would be found
for an ideal gas

It is, therefore, the purpose of this part of the report
to present the necessary equations for performing systematic
refraction calculations for a specified vehicle and its known
flow field. Specific calculations will be presented for the
vehicles and flight conditions outlined in Part II of this

study. The flow fields calculated and presented in Parts III

VIII-2
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and IV will be used as will the camera window temperatures

found by the method of Part V.
The effect of temperature on the specific refractivity

of air will also be investigated and the results presented in

Appendix VIIIA.

VIII-3
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BL

FF

SYMBOLS
altitude, feet
specific refractivity, feet®/slug
Mach number
index of refraction of gas
index of refraction of fused quartz, taken as 1.5
pressure, lb/ftZ
temperature, °R unless indicated otherwise
temperature of inner surface of window, °R
angle of attack, deg.

coeff%cient of thermal expansion, taken as 0.278 x 10~ °
per “R

atmospheric constant defined by Egquation (VIII-13), ft *
ground displacement, positive rearward, ft.

shock wave slope, deg.

blunt cone, cone angle, deg.

nadir angle, angle between plumb line from the origin
of ray and light ray direction, deg.

density, slugs/ft®

angle of incidence, deg.

Subscripts
due to atmosphere
due to or at boundary layer

due to flow field between boundary layer and bow shock
wave

at ground

VIII-4
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SwW due to or at shock wave
T due to temperature induced window curvature
W at window
o) at edge of boundary layer
o at outer surface of window
0 free stream or flight conditions
VIII-5
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INVESTIGATION
In the present investigation, the magnitude and direc-
tion of the ground displacements caused by the following
sources will be determined:
1. Window curvature caused by aerodynamic heating
2. Boundary layer over the camera window

3. Flow field between the boundary layer and the bow
shock wave

4. Bow shock wave

5. Atmosphere
Since the displacements caused by the near flow field (i.e.
2, 3, and 4 above) are very small at the altitudes under con-
sideration (the results of the calculations will show this to
be true), equations will be presented for determining the

displacements only in the vertical plane of symmetry.

Ground Displacements Caused by
Camera Window Curvature

The analysis presented in Part VI of Reference 1 can
again be used to determine the ground displacements caused
by camera window curvature brought about by aerodynamic
heating. Let us again assume that the camera window is a
simply supported plate, and that a temperature difference
across the glass causes the window to distort into a segment

of a sphere. For an arbitrary nadir angle the expression

VIII-6
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for the ground displacement taken from Reference 1 is

a h  sin ¢W :
AXT = -——ET—-(TO—Ti) \/ = —= - tan ¢W (VIII-1)
cos® n,® - sin ¢W

The angle ¢W is the angle of incidence that the light ray
makes with the window surface. Let us now look at Figure
VIII-1. For the two configurations being considered here

this angle is, on the blunt cone

G = W+ O (VIII-2)
and on the swept wing

by = B+ a (VIII-3)

Substitution of these two‘expressions into Equation (VITII-1)
results in the following expressions for the ground displace-

ments caused by camera window curvature due to a temperature

difference across the glass. For the blunt cone
a h sin (u+ec)
AxX_ = (T _-T7.) - tan{u+6 ) (VITII-4)
cos®, © 1 ‘\/no‘g—sing(u+9c) ¢
and for the swept wing
a h sin (a+y) |
AX,, = (T _-T,) . - tan (p+a) (VIII-5)

o i .
cos & 1 \/n02—51n2(u+a)

VIII-7
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For the present calculations fused quartz will be taken

as the window material, Therefore,

a .278 x 107% 1/°R

n =1.5
o
The temperature differences across the glass for the two

configurations and the flight conditions of Part II have

been calculated in Part V.

Ground Displacement Caused by
Refraction by the Boundary Layer
In Reference 1 the general expressions were derived for
the refractions of a light ray passing through the boundary
layer in an arbitrary direction. For the special case where
the ray is in the vertical plane of symmetry of the vehicle
(azimuth angle of 0° or 180°), the expressions reduce to the

following:

h

0

AX = - K

BL (éan ¢B;> (pé—po) (VIII-6)

cos®y

The boundary layer lies on the window surface (see Fig. VIII-1l)
so that ¢BL is egual to ¢W' Therefore, Equations (VIII-2)
and (VIII-3) specify the incident angle that the light ray
traveling at an arbitrary nadir angle makes with the boundary
layer. The boundary layer is treated as a surface with a
density change across it since it is gquite thin and the two

edges are nearly parallel. Thus, the two densities needed
VIII-8
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are the density at the outer edge of the boundary layer, péy
and that at the outer surface of the camera window, Poe The
first of thesé has been calculated in Part III for the con-
figurations and flight conditions of Part II. The second of
these densities can be found with the aid of either Reference 2
or 3 since we know the pressure at the edge of the boundary
layer, Pg (the pressure is assumed constant through the
boundary layer) and the temperature at the outer surface of
the camera window, T,- The pressure is calculated in

Part III and the temperature in Part V.

One other quanfity remains to be specified. This is the
value of the specific refractivity of the'gas in the boundary
layer. At high temperatures'air dissociates and ionizes so
that the chemical composition changes. The specific refrac-
tivity depends on the individual values for the various
species of molecules and atoms which make up'the gaSj so as
the gas dissociates it can change from the low température
value for air (K = 0.116). In Appendix VIIIA the specific
refractivity has been calculated as a function of tempefathre.
' The results are shown in Figure VIII-2. For the flight con-
ditions of the present study, the temperature and dénsity
profiles through the boundary‘layer have been calculated in.
Part IV. Using these results in conjunction with the results
of Part III and Figure VIII-2, it can be seen that fof these
flight conditions the low temperature value of the specific

refractivity can be used.
VIII-9

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

The final expressions for the ground displacements

caused by the boundary layer refraction are, for the blunt

cone

h .
Ax = -0.116 = [}an (u+0 J (ps-p.)} (VIII-7)
BL cos 2“- c 5 Vo
and for the swept wing
hoo i
AXBL = -0.116 2 [tan (p+a) (pé-po) (VIII-8)
os L

Ground Displacement Caused by
Refraction by the Flow Field Between the Boundary Layer
and the Bow Shock Wave

Reference 1 determined the ground displacement caused
by the flow field between the boundary layer and the bow
shock wave by integrating along the path of the ray from the
edge of the boundary layer to just inside the shock wave.
This could be done in this case since the flow field sur-
rounding a sharp cone at low Mach numbers (where real-gas
effects are not important) could be determined quite precisely.
As was discussed in Part III of the present report, the pre-
cise determination of the flow fields surrounding vehicles
of the type of the present study is impossible at the present
state of the art. Density and temperature distributions were
specified in Part III, however, the slopes of the lines of

constant density were not. Hence, a method such as was used

VIII-1O0
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in Reference 1 can not be employed here. Fortunately, it
does not appear that a method whicﬁ is so exact is needed.
It can be seen from the calculations of the shock wave slope
in Part III that they do not differ by more than 15° from
the vehicle surface slope. An average value of the vehicle
surface slope and the shock wave slope will probably give
accurate enough results. In Reference 1, where Mach numbers
as low as 1.2 were considered, these slopes could differ by
45 or 50 degrees. By using the densities just behind the

shock wave, and at the outer edge of the boundary

Psw
layer, P the following expressions can be used to deter-
mine the ground displacements caused by the flow field

between the shock wave and the boundary layer. On the blunt

cone

h_ [ ( 6 te >] _ _
AX . = -0.116 tan (L + —— J| (pag—Ps) (VIII-O)
FF cos 3y, 2 SWFS

and on the wing

h
AXpp = -0.116 —— [;an <ﬁ + g%%:ﬂ (Pgw—Ps) (VIII-10)

cos®p

The quantities, Paw pé, and €, have been calculated and

are presented in Part III.

VIII-11
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Ground Displacement Caused by

Refraction by the Shock Wave
The shock wave is treated as a surface with a density
change across it, and the incident angle is the sum of the
nadir angle and the shock wave slope. Hence for both con-

figurations the ground displacement is given by

h

AXSW = -0.116

coszu‘{tan (u+eﬂ PPy (VIII-11)
Ground Displacement Caused by
Refraction by the Atmosphere
Since the density of the atmosphere decreases as the
altitude increases, it may be expected that an altitude will
be reached above which there is no measurable increase in
the angular refraction of a light ray caused by the atmos-
phere or in the resulting ground displacement. The angular
refraction is proportional to the density change, so that
this altitude will be the point at which the density has
become negligible compared to the density at the ground.

That is,

Pa (VIII-12)

Calculations have been performed by two different meth-

ods in order to determine this altitude. The first method is

VIII-12
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that presented in Part II of Reference 1, where the density

is assumed to vary exponentially with altitude. That is,

Po = Pg © (VIII-13)

From this reference, the equation for the ground displace-

ment due to the atmosphere is
P
= __tan py - - -G -
AX, = - - ~ [K (Pg=Pq) = Kp,, log<\/p )} (VIII-14)
B cos=u _ o0

If Equation (VIII-13) is solved for  and the resulting
expression substituted in Equation (VIII-14), the expression

for Ax becomes

A
Ax, = - Kp h tan p (PG/Pm)‘l -1
A ©®  os?y | 1°9(pg/P,)
or (VIII-15)
2 i(p /p.)-1
cos "L - _ G Yoo -
tan [ AXA Kpoohoo {1og(pG/pm) 1

The second method for determining the variation in Ax,

with altitude is that of numerical integration. Let us write

the expression for the angular refraction in differential

form

du = —-§ tan o dp = - K tan p dp (VIII-16)

since n

VIII-13
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Now consider the following sketch:

h Light ray

T T Ground

g

A light ray of nadir angle yu originating at point A

strikes the ground a distance x from point 0. Therefore,
X = h tan p (VIII-17)
Differentiation of this expression gives

h

cos?p

dx =

du

ans substitution of Equation (VIII-16) into this expression

results in the following expressions for AxA:

ax = - —2& K tan y dp
cos®pu
2
cos“y - _ VIII-18
tan 1 Kh dp ( )
h
EO_SEEAX = - K mh Q.Q dh
tan o A dh
0
VIII-14
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It should be noted that both Equations (VIII-15) and (VIII-18)
assume that the angular refraction as the ray travels through
the atmosphere is small, so that the tangent and cosine of

the incident angle remain constant along the ray.

RESULTS AND DISCUSSION

Calculations have been made for the two configurations
of Part II and all of the flight conditions outlined therein.
Three nadir angles have been considered, -45, Q( and 45 degrees,
in these calculations. The results are presented in Figures
VIIi—B through VIII-11.

Figures VIII-3 and VIII-4 show the ground displacements
caused by the window curvature induced by the temperature
difference across the glass. Only the case of the heat trans-
fer coefficient to the cavity of unity '(H = 1.0) is plotted.
The ground displacements for a nadir angle of 45 degrees are
much larger than are those for the other nadir angles. This
is to be expected since the light ray when looking rearward
is incident on the glass at an angle which is the sum of the

nadir angle and the vehicle surface slope (5 degrees on the

cone and 20 degrees on the wing). Also, the displacements

encountered in photography from the wing at | equal to 45°
are larger than those from the cone since in Part V the
temperature differences were found to be larger and also the

slope of the surface is larger.

VIII-15
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All of the calculations of the ground displacements
caused by window curvature have been made for a fused
quartz glass window. This material has a relatively low
coefficient of thermal expansion so for nearly all other
types of windows the ground displacements will be larger.
Hence, it is certainly desirable to use fused quartz.

Figures VIII-5 through VIII-10 present the results of
the calculations of the ground displacements caused by the
three parts of the near flow field. For all of the alti-
tudes except 100,000 feet, these displacements are negligible.
At 100,000 feet they could possibly have some importance
since they do become the same order of magnitude as the
displacements caused by the window curvature. However, on
the basis of these calculations, it is apparent that if
corrections for metric distortion are to be made to photo-
graphs taken from an altitude greater than 100,000, they
need not be made for the refractions caused by the near
flow field.

Ground displacements caused by atmospheric refraction
have been calculated in accordance with‘Equations (VIII-15)
and (VIII-18), and the results are presented in Figure VIII-1l1
as a function of altitude hm. The first equation is solved
by choosing an altitude, h_. and obtaining the corresponding
density, P+ from Reference 4. (The quantity Pa is the

sea-level or ground density.) Equation (VIII-18) is solved

VIII-16
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by choosing a variation in h frsm h =0 to h = hoo
and, the slope of the density, altitude curve at each of
these altitudes is determined from Reference 4. The product
of h and dp/dh is then integrated numerically from
h =0 to h = h ~ to determine AxA.

An examination of Figure VIII-1l shows that the curve
obtained from Equation (VIIT-18) reaches a maximum at an
altitude of about 200,000 feet. Further increases in flight
altitude will, therefore, not increase the ground displace-
ment due to atmospheric refraction. Egquation (VIII-15),
however, behaves quite differently. The value of AxA
given by this curve increases up to an altitude of about
200,000 feet and then begins to decrease. At about 400,000
feet it begins to increase again and is still increasing at
800,000 feet. Another feature of interest is that the curve
determined by Equation (VIII-15) is lower than that of
Equation (VIII-~18) for altitudes below 600,000 feet.

The fact that Equation (VIII-15) does not approach a
constant value can be expiained by the following sketch,

which shows the variation of the logarithm of the density

with altitude (Ref. 4):

VIII-17
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The method used for the exponential atmosphere (Eq.

(VIII-15)) assumes a linear variation of altitude with the

logarithm of the density ratio, as shown by the straight

e |

lines a and b. The slopes of these curves determine the

constant B in Equation (VIII-13). Since these are deter- e

I

mined by the flight altitude of interest, hm, and sea

level, it is apparent that as we move up curve c (taken

from Ref. 4) the slope will continually change. If we

< B

examine Equation (VIII-14), we see that even after the

quantity in brackets reaches a constant (poo becomes very
small compared to p,) this variation in f will cause

a variation in the calculated displacement AxA.

VIII-1S8
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CONCLUSIONS:

On the basis of the calculations presented in this
part of the report, the following conclusions can be drawn
with regard to correcting photographs for metric distortion:

l. At altitudes above 100,000 feet corrections should
be made.for displacements caused by window curvature due to
aerodynamic heating but are probably not necessary for dis-
placements caused by the near flow field except in extremely
high resolution photography.

2. Corrections should be made for atmospheric refrac-
tion. |

3; A numerical integration indicates that the angular
refraction of a light ray by the atmosphere and the result-
ing ground displacement do not increase if the flight alti-
tude is increasing above 200,000 feet.

4. The method presented in Part II of the Phase I final
report, Reference 1, will yield fairly good results for the
ground displacement due to atmospheric refraction to alti-
tudes of about 600,000 feet. The results of this method,
however, are lower than those obtained by numerical integra-
tion and do not approach a constant value as the altitude
increases.

5. Rearward viewing through a flush window on the
lower surface of the blunt swept wing will cause extremely

large refraction errors at high angles of attack. For instance,

VIII-1O9
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for an angle of attack of 45° and a nadir angle of 40°, the

angle of incidence is 85°.

RECOMMENDATIONS

To minimize the metric distortion to photography taken
from altitudes above 100,000 feet caused by aerodynamic
effects, that is, the near flow field and aerodynamic heat-
ing, photography should be taken looking through the window
as nearly perpendicular as possible. This will minimize
the displacement due to window curvature which is by far
the largest. Any atmospheric refraction introduced this
way can be corrected for quite easily.

Since the window curvature is the most important source
of metric distortion, methods should be investigated for
supporting the window in order to minimize the curvature

caused by a temperature difference across the glass.

VIII-2O0
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APPENDIX VIIIA
EFFECT OF TEMPERATURE ON THE
SPECIFIC REFRACTIVITY OF AIR
For low temperature air the following relationship

exists between the index of refraction and density
n-1 = Kp (VIIIA-1)

where K 1is the specific refractivity. This quantity for

air at low temperatures is
K = 0.116 ft3/slug

More generally, however, Equation (VIIIA-1) can be

written in the following way for a mixture of gases

n-1 = Y K p; (VIITIA-2)
L

where the subscript i indicates the - ith species. Thus,

Ki. is the specific refractivity of this species and P; is
the partial density of this species.

As air is heated, the molécules of oxygen and nitrogen
dissociate and form atomic oxygen and nitrogen and nitric
oxide. Hence, instead of the air being made up of three
species (argon is also present in a significant amount), it
is now made up of six species. Accounting only for disso-
ciation the specific refractivity, K, can be written

K = 5573a5 <Kowoy'o TRy Wy vyt Rflgvg
2 2 2 2 2 T2 T

+ KNWNyN + KNOWNOYNQ + KAWAyA (VIITIA-3)
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The specific refractivities of the various species can be
obtained from Reference 5 except for KN and KO. These
are given in Reference 6. The following table lists the

values of Ki and Wi, the molecular or atomic weights,

of the six species

Species K; ft3/slug W,
02 .0985 32.000
NE .1243 28.016
0 .0933 16.000
N .1599 14.008
NO .1167 30.008
A .08l4 39.944

One other quantity is needed. This is Yo the number
of particles per atom of each species. Reference 2 presents
this information as a function of temperature and density.

Figure VIII-2 was calculated using these values. The
calculations were carried to the temperature where ionization
became significant. This figure shows that the specific
refractivity is gquite a strong function of temperature and

density once the nitrogen molecules have begun to dissociate.

VIII-22
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Figure VIII-3.- Ground displacements caused by camera window curvature.
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Figure VIII-4.- Ground displacements cagsed by camera window curvature. Swept wing,
a =20", H=1.0.
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Figure VIII-5.- Ground displacements caused by boundary layer refraction. Blunt cone,
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Figure VIII-6.- Ground displacements caug,ed by boundary layer refraction. Swept wing,
a = 20°, H=1.0.
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Figure VIII-8.- Ground displacements caused by flow field between boundary layer and bow
shock wave. Swept wing, a = 20°.
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Figure VIII-9.- Ground displacements caused by shock wave.
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Figure VIII-9.- Continued.
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Figure VIII-10.- Ground displacements caused by shock wave. Swept wing, a = 20°.
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PART IX: MAPPING AND RECONNAISSANCE FROM HYPERSONIC VEHICLES

INTRODUCTION

The purpose of this part is to consider collectively the
various environmental effects which have been treated in the‘
preceding parts to see how they influence thé suitability of
various regions in the Mach number, altitude diagram for map—
pPing or reconnaissance. Systematic calculations have been
made of various effects for various combinations of Mach
numbers and altitudes which span the corridors of continuous
flight for the winged and nonwinged hypersonic vehicles coh-
sidered herein. These corridors of continuous flight are the
approximate regions in the M - h diagraml where the vehicles
must operate if they are to be able to generate enough lift
to sustain flight and withstand the Structural temperatures
due to aerodynamic heating. From the-standpoint of mapping
and reconnaissance, we are interested in knowing what limiting
lines appear on the M - h diagram with respect to the follow-
ing items:

(1) window temperatures

(2) Window temperature difference

(3) cContrast reduction due to luminosity

(4) Refraction errors

(5) Resolution losses induced by turbulent
boundary layers

lThe Mach number, altitude diagram is henceforth termed the
M - h diagram
IX~1
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We .will consider these items in order to assess their importance

in limiting the usefulness of various regions of the corridor of

continuous flight for mapping and reconnaissance purposes. The
prospects will be examined for alleviating any deleterious
effects encountered. In particular, configurational changes
which might alleviate such effects will be of interest.

While the results of the present study are necessarily for
specific configurations, both winged and nonwinged types have
been considered in the interests of generality. What general
conclusions can be drawn from these specific configurations

will be made.

We will be concerned exclusively with downward viewing.

IX-2
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SYMBOLS
reference area for drag, ft2
brightness of horizon, watts/cm® - steradian-micron
brightness of ground, watts/cm® - steradian-micron
brightness of luminous layer, watts/cm® - steradian-micron
inherent ground contrast
ground contrast at window, no luminosity
ground contrast at window, luminosity
drag coefficient
altitude, ft
flight Mach number
stagnation temperature
outer window temperature
inner window temperature
(TO- Ti)

apparent ground displacement due to refraction

~vehicle weight, 1lbs

angle of attack, deg
see Part VI
nadir angle, deg, or wavelength, microns

sun zenith angle, deg

IX-3
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DISCUSSION

Corridors of Continuous Flight

As reference regions we will be concerned with corridors
of continuous flight in the M - h diagram. These corridors
will be regions with respect to which the various deleterious
or beneficial phenomena may be referenced. Consider the corri-
dor of continuous flight described by Figure IX-1(a) for the
nonwinged vehicle, the blunt cone. The actual corrider chosen
is somewhat arbitrary. For instance, the lower boundary is
taken from Figure II-2 as that for a stagnation temperature of
3OOOOF. We could have chosen a lower value, but we then would
have practically no corridor at certain Mach numbers. This
value is probably beyond the present state of the art with
radiation cooling techniques, but is within the capability of
ablation cooling. Also, increasing the nose radius will
decrease the stagnation temperature for a given altitude and
Mach number. The upper boundary is alsoc taken from Figure I1-2
for a W/CpA of 3.22, a low value of this parameter. Our refer-
ence corridor for the blunt cone will correspond to the fore-
going boundaries throughout this part of the report.

The reference corridor for the winged vehicle; namely, the
blunt swept wing, is shown in Figure IX-1(b), as taken from
Figure II-3. The lower boundary corresponds to a leading-edge
temperature of BOOOOF. This value is somewhat beyond the present

state of the art for radiation materials but is within that for

IX-4
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ablation materials. The upper boundary is an equilibrium
glide trajectory for a wing loading of 20 lbs/ft® and an angle
of attack of‘20 degrees. &ll calculations for the winged
vehicle are for this angle of attack. The upper boundary can
be raised by increasing the angle of attack or décreasing the
wing loading.

It is emphasized that these reference corridors are
arbitrary, and precise corridors are not needed for the present
purposes. The corridors are somewhat broader than present;y
feasible at Ehe bPresent state of the art for continuous flight.
It is possible to operate outside of the corridors for short
reriods of time.

External Window Temperature

One of the critical questions in hypersonic flight is that
of external wiﬁdow temperature. If the temperature exceeds
certain values, depending on the glass, it éan induce the
following effecﬁs:

(1) cause softening of the glass

(2) Cause breaking of the glass by temperature
gradients

(3) Radiate sufficiently to interfere with vision
through it or with photography through it

The outer window temperatures are shown in Figure IX-2(a) for
the nonwinged wvehicle, and in Figure IX-2(b) for the winged
vehicle as taken from the results of Part V. For the nonwinged

vehicle, it is seen that the window temperature is about lZOOOR
IX-5
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at the lower boundary of the corridor of continuous flight.
It is clear that quartz glass and other high-temperature glass
can withstand this temperature level for sustained periocds.
The window temperature which is lower than the stagnation-point
temperature is due to the smaller inclination of the window to
the airstream, a geometric effect which reduces the air density
at the window location. Moving the window downstream would
cool it further as long as the boundary layer remains laminar.

The results for the winged vehicle in Figure IX-2(b) show
values of the window temperature over 2000° R. This temperature
can be withstood by quartz glass. Whether or not radiation from
the glass itself would seriously interfere with optical viewing
at these glass temperatures has not been determined herein. If
the winged vehicle were to operate at still higher angles of
attack, the density on the lower surface would be increased and
the glass temperature would be correspondingly increased. It
thus appears that special glass will be required in the winged
vehicle.

Window Temperature Differences

The temperature difference across the present k-inch thick
window is of importance for several reasons. First, it is
directly proportional to the heat being conducted into the
camera cavity per unit time from unit window area. Secondly,
the refraction errors due to the lens effect of the window

induced by temperature gradients are directly proportional to
IX-6
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the temperature differences, as.shown by Eéuation (VIi-8) of
the Phase I final report. Little can be done to minimize
these errors unlike those due to the Pressure difference
across the window which can be minimized by venting to the
outside. Thirdly, tempefature differences may cause failure
of the window through excessive stresées°

The actual temperatufe differences encountered by the
present nonwinged and winged vehicles are shown in Figure IX-3.
For the nonwinged vehicle,.a temperature difference of SOO F
near the lower boundary of the corridor of continuous flight
can be withstood by many types of glass. For the winged vehicle,
considerably larger temperature differences exist. Such is to
be expected as a consequencé of the greater densities on the
lower surface of the winged vehicle. Larger témperature
differences might be anticipated for larger angles of attack.

If it is necessary to cover the window to avoidkexcessive
peak temperatures and then to uncover it for viewing, the
additional problem of thermal shock arises. Much larger
temperature gradients will be induced in the window than the
bresent ones which are for the state of thermal equilibrium.
The possibility thus arises of breakage of windows by thermal
shock.

Luminosity and Contrast
The way in which luminosity of the air influences apparent

contrast of ground objects viewed through the luminous air layer
IX-~-7
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is a complicated problem from the physical point of view. An
attempt has been made in Part VI to put this question on a
rational basis. In this part we will examine the question of
what the ground contrast C must be to obtain a certain
contrast ¢C'' at the window. A number of parameters affect
this result, as the following list demonstrates:

(a) Terrain: forest, desert, snow, etc.

(b) Sky conditions: c¢lear or overcast

(c) Wavelength: 0.4 p to 0.7

(d) Altitude: h>, 100,000 ft

(e) Configuration: blunt cone or blunt swept wing

(f) Nadir angle: u = -450, 0, -45°

(g) Sun zenith angle: v = OO, 60

o
(h) Mach number: variable

(i) Angle of attack: a
a

0 éblunt cone)
20° (blunt swept wing)

Following the calculative example of Part VI, the redquired
ground contrast C has been calculated to produce a contrast
Cc'*' = 0.02 at the window for various Mach numbers and altitudes
for the nonwinged and winged vehicles. The following parameters
have been chosen for the calculations:

Terrain: Forest
Sky: Clear
Wavelength: 0.4 microns

Nadir angle: o®

IX-8
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Sun zenith angle: 0°

Angle of attack: 0° (cone), 20° {wing)

The calculated values of C at the various points are shown
in Figure IX-4 for both the nonwinged and winged vehicles.

The results for the nonwinged wvehicle show that the
reduction in contrast from the ground to the vehicle is
approximately 57 percent for all altitudes above about 50,000
feet without including the effects of luminosity. This means
that the ground contrast would have to be 0.047 on the ground
to be 0.02 at the window without any effects of luminosity.
Increases in redquired ground contrast above 0.047 are due to
air luminosity. It is guite interesting that the nonwinged
vehicle does not suffer from contrast reduction as a result of
air luminosity anywhere in its_ corridor of continuous flight.

The results for the winged vehicle indicate results
guite different from those for the nonwinged vehicle. In the
first place, duite high ground contrasts are required in the
corridor of continuous flight near Mach numbers of 20. By
flying close to the upper boundary, the required ground con-
trast can be minimized. The required values of C are larger
for the winged vehicle than for the nonwinged vehicle because
of the higher densities, as well as high temperatures, of the
luminous air under the vehicle. Aerodynamically, the increase
is due principally to the larger angle of attack (200) of the

surface in which the window of the winged vehicle is mounted.

IX-9
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The angle of attack of the surface in which the window of the g
nonwinged vehicle is mounted is 5°. Higher angles of attack -
than 20° will probably cause further increases in the dele- -
terious effects of luminosity as it decreases the ability to »
take aerial photography. E

One point of interest is whether the required contrast C -

is strongly dependent on wavelength. To investigate this fact
the calculations were redone for the winged vehicle with a z

wavelength of 0.7 microns. The results are shown in Figure IX-5.

The contrast reduction without luminosity C'/C is 0.89 for
this case because of the lower scattering coefficient for the -
longer wavelength. The required ground contrast to produce
C'' = 0.02 at the window is 0.023. The figure shows that the
effect of luminosity in increasing the required ground con-

trast is negligible for this case. This favorable result is

due to the following causes:

=

(a) The solar irradiance has increased more than 50 per-

cent in going from 0.4 microns to 0.7 microns so g
that the ground is brighter. »
(b) The spectral reflectivity for a forest has increased =
from 0.033 to 0.140 for this change in wavelength, -
further increasing the ground brightness. .
(c) The scattering coefficient is much lower for the ;

high wavelength so that there is less contrast

i

reduction as a result of the atmosphere.

IX-10
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(d) The brightness of the luminous layer at M = 20

and h- = 100,000 feet has changed from

3.2 x 1071 watts/cm2 - steradian-micron to
2.3 x 1072 watts/cm2 - steradian-micron at
0.7 microns so that the luminous layer is not
so bright.

It is interesting to determine which case requires the
greatest ground contrast to produce a given contrast at the
window. Anything which increases the atmospheric scattering
reduces the ground brightness. Also, increasing the bright-
ness of the luminous air layer will increase the required
ground contrast. Reductions in C'/C are greatest for
large values of BOL and By/Bg. The value of BOL is
nearly constant at a maximum value of 0.28 for 0.4 microns
above an altitude of about 50,000 feet. The value of BH/BGf
is.maximum for a forest with an overcast sky. The value of
C''/C is lowest for the largest BOL and BL/BG' Changes
in B and B are both important in this respect. The

L G

value of BL is increased by using a winged rather than a

nonwinged vehicle, looking backwards at g = 45° through a

greater length of luminous layer, using a wavelength of 0.4
microns instead of 0.7 microns for which the air is less
luminous, and using low altitudes and high Mach numbers.
The value of. BG is a minimum at .a large zenith angle, = .

that is, when the sun is low in the sky. The solar iriradiance
IX-11
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is also less for the smaller wavelengths. The spectral
reflectivity is least for a forest at the lower wavelength.
These factors all add up to produce the greatest required
ground contrast for the following set of conditions:

(a) Terrain: Forest

(b) Sky: Overcase

(c) Wavelength: 0.4 micron

(d) Altitude: h > 50,000 ft

(e) Configuration: Winged vehicle

(f) Nadir angle: gy = 45° rearward

(g) 2Zenith angle: vy = 60° (sun low in sky)

(h) Mach number: Large

(i) Angle of attack: Large

The contrast C'' wused herein refers to that existing
at the outer face of the window. There is a further reduction
in contrast due to passage of the light through the window,
particularly at high window temperatures. This problem has
not been analyzed herein.

Refraction Errors

The principal sources of refraction error are lens effects
of the window due to temperature gradient or pressure gradient,
the flow field about the wvehicle, and, finally, the atmosphere.
Another source of refraction error can be the difference in
air density between the inner surface of the camera window and

its outer surface. This component is readily calculated and

IX-12
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will not be included herein. The refraction error being
considered is the apparent displacement of a ground point
due to refraction by the above sources. We will confine
oﬁr attention to the vertical plane of symmetry. and look back-
wards et a nadir angle of +45°, This condition yields the
largest ground dlsplacements Ax for the conditions considered
in Part VIII.

In Figure IX-6, the ground displacements due to the window

temperature differences (shown in Figure IX-3) are shown on the

M - h diagram for both nonwinged and winged vehicles. The

values of Ax are negative since the rearward looking rays are
benr forward and because the positive X-axlis is rearward
against the flight direction. For the winged vehicle a ground
dlsplacement of about 6 feet seems to be the max1mum within

the corridor of contlnuous fllght. It is interesting to note
that the lines of constant displacements are neerly parallel

to the lines of constant temperature difference in Figure IX-3.
Furthermore, the displacements should be pProportional to the
temperature difference to the extent that the coefficient of
expansion of the window material is not variable with temper-
ature (i.e., Equation VI-5 of Phase I final report). Referenee
to Figures IX-2 and IX-3 also shows that the temperature
differences are nearly constant for constant external window
temperatures. Thus problems of window maximum temperature and
problems of metric distortion due to window temperature effectg
are closely related.

IX-13
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In Figure IX-6(b)}, much larger apparent ground displace-
ments occur for the winged vehicle than for the nonwinged
vehicle. This is again the result of higher window tempera-
tures and temperature differences and a larger incident angle
for rearward viewing for the winged vehicle.

Generally speaking, at altitudes above 100,000 feet, the
effect of the vehicle flow field including boundary layer and
shock waves has a negligibly small effect on ground displace-
ments compared to window temperature differences or atmospheric
refraction. At 100,000 feet the window temperature effects and
the flow field effects are about equal as the following table

shows for the winged vehicle:

Mach number 6 8
AX due to window temperature difference, Ft -5.5 =10
AX due to aercdynamic flow field, Ft +2.3 + 4

However, the flow field effects decrease as the density de~
creases for constant Mach number and become less significant
at high altitudes. The atmospheric refraction contributes a
ground displacement dependent on altitude and nadir angle only.
From FigureVIII-11l for H = 45° we find that OX is about

15 feet maximum and is constant above altitudes of about

150,000 feet.

IX-14
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Loss of Resolution Due to Turbulent
Boundary Layers

Except for the winged wvehicle at a 100, 000-foot altitude,
the boundary layers are all laminar for the present study.
Hence, calculations of loss of resolution due to turbulent

bouhdafy layers were not made.

CONCLUSIONS

A systematic study has been made of the following factors,
important for mapping and reconnaissance, from a nonwinged and
a winged hypersonic configuration:

(a) External window temperatures

(b) Window temperature differences

(c) Luminosity and contrast

(d) Refractive errors (metric distortion)

(e) Resolution loss due to turbulent boundary
layers

With respect to the specific nonwinged coﬁfiguration, it
appears that mapping and reconnaissance are feasible from the
standpoint of all of the above factors. However, the vehicle
in dquestion is désigned for a low value of W/CDA; namely, 3.2_
with a stagnation temperature of about 3000°F maximum. - Such
a vehiclé h;s'a fairly narrow corridor of continuous flight,
but mapping and reconnaissance should both be pPossible within
the corridor. The best position within the corridof appears

to be near its upper boundary on the basis of all the above

IX-15

Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0



Approved For Release 2000/04/12 : CIA-RDP67B00657R000300070001-0

factors. Effects of window radiation, however, have not
been studied.

For the specific winged vehicle studied herein, all of
the factors listed above were more severe than for the non-
winged vehicle. This result is principally due to mounting
the window on an impact surface with a local angle of attack
of 20°. For this angle of attack and the winged configuration
it appears possible to perform successful reconnaissance in
most of the corridor of continuous flight. One possible
exception to this conclusion is the severe loss of contrast
due to the luminous air layer for short wavelengths. At long
wavelengths, 0.7 microns, these losses are small. If the
present vehicle were to operate at higher angles of attack,
it is anticipated that the deleterious effects of the environ-
ment would be intensified with respect to mapping. Satisfactory
mapping is probably possible; however, the refraction errors
will be fairly large because of the temperature-induced lens
effect in the window.

It is stressed that these conclusions are based only on
the environment effects included in the present study. For
the winged vehicle deleterious effects of window radiation
may occur since window temperatures exceed ZOOOOR. This
possibility was not evaluated. Also, the present study includes
no deleterious effects of ablation materials which may be used

for heat protection. No unsteady heat-transfer effects have

IX-16
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been considered. Such effects might include thermal shock

induced by jettisoning a window heat protective cover.

RECOMMENDATIONS

The present study is not exhaustive and has raised a

- number of points which bear further investigation.

l. The present configurations should be studied over
an angle-of-attack range to determine the importance of this
parameter. Since it appears to be particularly important for
a winged vehicle, at least this configuration should be studied.
2, Additional work needs to be done for "hot" windows.
The following problems should be examined:

(a) Contrast reduction caused by radiation from
the window itself

(b) Thermal stresses in the glass, in particular
thermal shock i

3. The luminosity calculations presented in this report
are only fragmentary and need extending.

4. The problems of upward viewing encountered by naviga-

tion systems utilizing star tracking need investigation.

5. Generally speaking, a study similar to the Present
should be made to assess the importance of the environment on

infra-red and radar photography.

IX-17
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Figure IX-2.- External window temperature, T
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Figure IX-2.- Concluded.
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(a) Nonwinged vehicle

Figure IX-3,- Window temperature differences.
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Figure IX-5.- Required ground contrast to produce C" = 0.02 at window at 0.7 microns wavelength.
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(a) Nonwinged vehicle

Figure IX-6.- Refractive ground displacements in vertical plane of s etry due to window
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(b) Winged vehicle, o = 20°

Figure IX-6.- Concluded.
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